
19th Nordic-Baltic 
Conference on 
Biomedical Engineering 
and Medical Physics

Yuri Dekhtyar · Inga Saknite 
Editors

Proceedings of NBC 2023, 
June 12–14, 2023, 
Liepaja, Latvia

IFMBE Proceedings 89



IFMBE Proceedings 89

Series Editor
Ratko Magjarevic, Faculty of Electrical Engineering and Computing, ZESOI,
University of Zagreb, Zagreb, Croatia

Associate Editors
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Foreword

Looking again into the entire future of biomedical engineering.

Biomedical engineering and medical physics are both highly research and innovation
directed fields and require interdisciplinary and multidisciplinary approach in tackling
the challenges in medicine and health care. In the last decades, research and innovation
in medical technology were the number 1 in patent applications in the European Patent
Office, and the expectation is continuation of the growth at the same rapid pace in the
following years. Technological progress in medical technology is considered as one of
the main factors in boosting EU economy.

However, when the World Health Organization (WHO) declared a Public Health
Emergency of International Concern on 30 January 2020, and characterized the out-
break as a pandemic in March, the new situation caught the European healthcare system
completely unprepared. Biomedical and clinical engineers were focused and intensively
involved in finding solutions to stop and prevent the spread of the pandemic, from
innovative designs to allocation of necessary resources to combat the disease. Based
on the experience gained during the pandemics, at the Fourth meeting of the Euro-
pean Parliament Interest Group held on 21 March 2023, and supported by the Euro-
pean Alliance of Medical and Biological Engineering and Science (EAMBES) and the
International Federation for Medical and Biological Engineering (IFMBE), issues of
“Pandemic Management and Preparedness – Telemedicine and the Role of Innovative
Technologies in Securing a Safer Future” were presented and plans for comprehensive
solutions proposed.

During the pandemics, professionals had to learn how to extensively use communi-
cation technologies not only in health care, but also for mutual communication. Many
editions of international events were designed in full online capacity or in a hybrid mode,
and though such a modus operandi showed as useful, we are very happy to welcome
all authors and participants of this 19th Nordic-Baltic Conference on Biomedical Engi-
neering and Medical Physics organized in Liepaja, Latvia, from 12 to 14 June 2023,
again, mainly as a face-to-face scientific and networking event co-sponsored by the
International Federation for Medical and Biological Engineering.

Biomedical engineers always have andwill continue to play a leading role in research,
development, and innovation of new health technologies and in improving the quality
of life of all people in this only world we have.

On behalf of the IFMBE, with best wishes for a successful meeting.

Ratko Magjarević
President, IFMBE



Preface

The 19th Nordic-Baltic Conference on Biomedical Engineering and Medical Physics
(NBC 2023) is the third time that an IFMBE event comes to Latvia. The 14th NBC
conferencewas thefirst oneheld inLatvia back in2008. In 2013, the IFBMEInternational
Symposium on Biomedical Engineering andMedical Physics was dedicated to the 150th
anniversary of Riga Technical University. Both events were successful in presenting
achievements and newknowledge gained in awide range of technologies for applications
in medicine.

The NBC 2023 was organized in Liepaja, the largest city in the Kurzeme region
and the third-largest city in Latvia. It has grown from a provincial village to a regional
industrial hub with deep-rooted historical and cultural traditions. Liepaja is a symbol of
the rapid scientific developments in the region. In the last decade, the annual number of
scientific publications by researchers based in Liepaja has grown four times, compared
to the growth in the fields of biomedical engineering and medical physics worldwide.

TheNBC2023 brought together a diverse group of attendees including researchers of
various career stages, industry partners, medical professionals, and biologists. The con-
ference covered a wide range of topics: biomechanics, rehabilitation, materials, micro-,
nano-, andmolecular technologies, personalizedmedicine, diagnostics, therapy, medical
physics, education, training, safety, and quality.

In addition to scientific content, NBC 2023 attendees participated in workshops to
advance their professional skills including on how to excel in writing scientific publica-
tions. A special attention was given to student participants. As a satellite event of NBC
2023, the 6th Summer School Nonlinear Life brought together and promoted scientific
discussion amongst students and recent graduates. Importantly, a panel discussion was
dedicated to the role of women in biomedical sciences and engineering.

We thank all NBC 2023 sponsors who helped promote this event, as well as all
attendees for their scientific contributions. We believe that the ground-breaking, mul-
tidisciplinary publications collected in this special issue further advance the fields of
biomedical engineering and medical physics.

Yuri Dekhtyar
Inga Saknite
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Method for Muscle Fatigue Detection Using Inertial Sensors . . . . . . . . . . . . . . . . . 25
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The Impact of Engineering Enabling
Technologies on the Further Development

of Personalized Orthopedics

Miroslav Trajanovic(B) , Nikola Vitkovic , Nikola Korunovic , Dragan Misic ,
and Jovan Arandjelovic

Faculty of Mechanical Engineering, University of Nis, Aleksandra Medvedeva 14, 18000 Nis,
Serbia

miroslav.trajanovic@gmail.com

Abstract. Personalized orthopedics became possible in pre-clinical and clinical
practice primarily through the application of engineering solutions in the preven-
tion, diagnosis, and treatment of orthopedic patients. In order to predict the further
development of personalized orthopedics, it is necessary to look at which enabling
engineering technologies can be applied and where their impact is expected. This
paper identifies and analyzes those technologies.

Keywords: Personalized Orthopedics · Enabling Technologies · Engineering

1 Introduction

It has been known for a long time that a personalized approach in medical practice pro-
vides the best benefits to patients, but this was not possible due to the lack of sufficiently
detailed data on the patient’s condition and characteristics, equipment, and techniques
for personalized approach. However, the development of many engineering technologies
in the last fifty years has resulted in innovative solutions that have also been applied in
orthopedics. Thus, step by step, the conditions for a personalized approach in orthopedic
practice were created. This tendency has not stopped but is developing faster and faster.

The aim of this study is to identify, based on bibliometric analysis, themain engineer-
ing enabling technologies that contribute to the development of personalized orthopedics,
to point out their importance, and to briefly present those that have the greatest impact.

2 Bibliometric Analysis

2.1 The Importance of Engineering Technologies for the Development
of Orthopedics

There are indications that engineering technologies have significantly influenced the
development of orthopedics in the last fifty years. Also, it is considered that they espe-
cially enabled a personalized approach in orthopedics [1]. However, it is not clear how
much impact engineering technologies have had on orthopedics and which engineering
disciplines have had the greatest impact on the development of orthopedics.
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In order to get an answer to this question, a simple bibliographic research was
done using Core Collection database of the Clarivate Analytics Web of Science (WoS)
platform [2]. Bearing in mind that various terms related to orthopedics are used in the
scientific literature, and with the intention of being comprehensive, the following search
query was used: Orthopedics OR Orthopedic OR Orthopaedics OR Orthopaedic OR
Bones. The “All fields” option was used for the search, which includes title, abstract,
author keywords, Keywords Plus (terms automatically generated from the titles of cited
articles) and any other metadata available for that article. The search result showed that
there are 1,035,427 publications in the Core Collection that contain at least one of the
search terms. The search covered the period from 1996 to 2023.

Search terms were found in a total of 254 Web of Science categories. Table 1 shows
the first 10 categories sorted in descending order by the number of articles in which the
search terms were found. Other categories are not shown to save space. It is obvious that
the largest number, a total of 159,817 articles, is in the Orthopedics category, which is
15.435% of total 1,035,427 publication.

Table 1. Top ten Web of Science categories with the largest number of articles that contain the
searched terms.

Web of Science Categories Number of articles % of 1,035,427

Orthopedics 159817 15.435

Surgery 102888 9.937

Endocrinology Metabolism 77551 7.490

Oncology 74956 7.239

Hematology 69577 6.720

Dentistry Oral Surgery Medicine 57025 5.507

Engineering Biomedical 50034 4.832

Cell Biology 48409 4.675

Medicine Research Experimental 45249 4.370

Immunology 43951 4.245

Among the 254 Web of Science categories in which the searched terms were found,
there are also 36 engineering categories. In theTable 2 onlyfirst 15 engineering categories
are sorted and presented in descending order by the number of articles inwhich the search
terms were found.

The total number of articles from engineering categories is 271,720 or 17.191%.
Of course, some of these articles are not necessarily related exclusively to orthopedics,
but also to other disciplines, such as surgery, but obviously the influence of engineering
disciplines on medicine, and therefore on orthopedics, is huge.
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Table 2. Top fifteen engineering Web of Science categories with the largest number of articles
that contain the searched terms.

Web of Science Categories Number of articles % of 1,035,427

Engineering Biomedical 50034 4.832

Radiology Nuclear Medicine Medical Imaging 40881 3.948

Materials Science Biomaterials 34123 3.296

Materials Science Multidisciplinary 20622 1.992

Cell Tissue Engineering 19292 1.863

Chemistry Multidisciplinary 12953 1.251

Physics Applied 9868 0.953

Nanoscience Nanotechnology 7543 0.728

Chemistry Physical 6857 0.662

Polymer Science 5903 0.57

Engineering Electrical Electronic 5095 0.492

Materials Science Ceramics 4854 0.469

Metallurgy Metallurgical Engineering 4587 0.443

Physics Condensed Matter 4225 0.408

Engineering Mechanical 3013 0.291

2.2 The Most Influential Enabling Engineering Technologies in the Field
of Orthopedics

In order to recognize the most important engineering technologies that contribute to
the development of personalized orthopedics, another bibliometric analysis was per-
formed on the WoS platform. This time the following query was used (Orthopedics OR
Orthopedic OROrthopedics OROrthopedic ORBones) ANDPersonalized (Topic). The
“Topic” option was used for the search, which includes title, abstract, author keywords,
and Keywords Plus.

As a result of the query, 2855 papers containing the requested terms were found.
With further refinement, only papers from 2021 to 2023were selected, and all papers that
do not belong to pure orthopedic disciplines were rejected. Thus, the scope of research
was reduced to 983 published papers. A statistical analysis of keywords defined by the
author was performed for the selected papers. The results of this analysis are presented
in Table 3.

Although the analysis done is indicative, it is not perfect. The problem lies in the fact
that the granularity of the keywords that the authors mention is different, and different
keywords are assigned to the same things. For example, the main keyword in works
dealing with the application of titanium alloys for the manufacture of implants is found
in the forms: biomaterials, titanium alloy, Ti 6Al 4V, or Ti6Al4V ELI (Grade 23). The
same is valid for the case of 3D printing and Additive manufacturing.



4 M. Trajanovic et al.

Table 3. Frequency of top ten keywords related to engineering enabling technologies in
orthopedics.

Engineering technology Frequency

Additive manufacturing 26

3D Printing 15

3D bioprinting 8

Finite element analysis 8

Computed tomography 6

Machine learning 6

Computer aided design 6

Tissue engineering 5

Artificial intelligence 7

Biomaterials 7

3 Enabling Engineering Technologies in Orthopedics

3.1 Additive Manufacturing

Additive manufacturing technologies, often referred to as 3D printing, has one of the
biggest impacts on the development of personalized orthopedics. The possibility of
these technologies to produce efficiently objects of very complex shapes has enabled
the production of personalized implants, scaffolds, prostheses, orthoses [3] and surgical
tools [4]. Also, these technologies can be used to create models of a patient’s bones or
joints for planning surgical procedures and thus optimize surgical outcomes (Fig. 1).

Fig. 1. Personalized orthosis made of Ninja Flex with FDM additive manufacturing technology
[3].

Additive manufacturing is a mature technology that, together with new materials,
can not only achieve any shape, but also enables the creation of porous structures that,
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in the case of scaffolds, allow better innervation and a larger surface area for cells to
adhere and proliferate, which promotes new tissue formation [5]. To further promote the
growth of bone tissue within porous implants and scaffolds, surface coatings are used.

One of the new additive manufacturing technologies that is being worked on in
many laboratories is bioprinting [6]. It uses 3D printing techniques to create living
tissue constructs by layering and depositing cells, growth factors, and biomaterials in
a controlled and precise manner. Most of bioprinters are using extrusion as a method
for building layers, but other methods, such as stereolithography, inkjet or laser-asisted
method. Most of the research involving bioprinters is directed towards the production
of bone tissue and cartilage.

Another promising technology is 4D printing, which is additive manufacturing with
the added capability of creating objects that can change their shape or properties over
time, in response to external stimuli such as temperature, moisture, pressure, or light.
This is achieved by using advanced materials, such as shape-memory alloys, smart
polymers, or hydrogels, that can be programmed to respond to specific environmental
conditions. The use of 4D printing to create implants with predetermined shape and size
allows for a precise fit at defect sites. During the post-printing stage, the implant may
undergoes functional transformation and mimics biological features, which promotes
tissue remodeling and maturation [7].

Additive manufacturing is particularly important for the further development of
regenerative medicine. Stem cell therapy and platelet-rich plasma therapy may become
more widespread in orthopedics. This could allow for the repair of damaged bone tissue
and the regeneration of lost cartilage.

3.2 Biomaterials

Biomaterials are biocompatible materials that are used in medical devices, implants, and
tissue engineering to replace or repair damaged or diseased tissues. The most commonly
used metal materials are stainless steel (316 L), titanium alloy (Ti6Al4V), and cobalt-
chromium alloys (F75 CoCr). They are mainly used for the production of implants,
fixation devices, scaffolds and auxiliary instruments. Thesematerials are strong, durable,
and resistant to corrosion, making them ideal for use in load-bearing applications such
as hip and knee replacements [8].

Ceramics such as alumina (Al2O3), zirconia (ZrO2), and calcium phosphate are
also used in orthopedic implants. These materials are biocompatible, meaning they are
well-tolerated by the body, and can be shaped and sized to fit individual patients.

Polymers such as polyethylene, polyurethane, Teflon and silicone are commonly
used in orthopedic implants, particularly in joint replacements. These materials are
lightweight, flexible, and can be easily molded to fit a variety of shapes and sizes.

The emergence of new advanced materials has enabled the production of scaffolds
with improved properties. Currently, work is being done on the production and improve-
ment of composite scaffolds that can be metal, ceramic or polymer based. Additive
manufacturing is mainly used for the production of composite scaffolds [9].

While autografts are currently considered the best option for orthopedic tissue recon-
struction, there is a limit to the amount of tissue that can be harvested without causing
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harm to the donor site. Tissue engineering approaches, which involve using decellular-
ized bone, cartilage, skeletalmuscle, tendon, and ligament fromallogeneic or xenogeneic
sources, have emerged as a promising alternative treatment option. The extracellular
matrix, which acts as a natural scaffold for cell attachment, proliferation, and differen-
tiation, plays a vital role in these approaches. Decellularization of in vitro cell-derived
matrices can also enable the generation of autologous constructs using tissue-specific
or progenitor cells. While decellularized bone tissue is widely used in orthopedic appli-
cations, the potential of using decellularized cartilage, skeletal muscle, tendon, and lig-
ament cell-derived matrices is only now beginning to be explored for potential clinical
translation in the orthopedic setting.

3.3 Computer Aided Design

Computer aided design (CAD) has many different applications in personalized orthope-
dics, so it has significantly contributed to its development. Themost common application
of CAD in orthopedics is for the design of personalized implants, prosthetics, scaffolds,
and surgical tools. In order to achieve anatomical personalization, the patient’s CT image
is usually the starting point.

Second important application of CAD is in surgical planning. Planning surgeries in
advance, allows surgeons to better visualize the procedure and optimize the approach.
This can lead tomore accurate and efficient surgeries with reduced risk of complications.
Similar approach can be used for a rehabilitation planning.

3Dgeometricalmodels of bones, implants and other orthopedic devices are necessary
input for other engineering technologies such as finite element method analysis, additive
manufacturing, computer aided manufacturing, and artificial reality technologies, which
include virtual reality (VR), augmented reality (AR), and mixed reality (MR).

In orthopedic practice, it is often the case that the orthopedist does not have a CT
scan of the entire bone at his disposal, so planning the operation is difficult. The reason
for this can be a major trauma, bone cancer or osteoporosis [12]. In such cases, reverse
engineering technology is applied, the result of which is a 3D geometric model of the
original bone. The method is based on artificial intelligence and a large number of
samples of recordings of healthy bones of the same type. The accuracy of this method
is very good and meets the requirements for the production of personalized implants,
prostheses and scaffolds.

3.4 Finite Element Method

The finite element method (FEM) has numerous applications in orthopedics. One of its
main uses is in the prediction of behavior of orthopedic implants, scaffolds and prosthet-
ics, such as joint replacements, spinal implants, and bone plates. FEM can simulate the
biomechanical behavior of the implant within the body, predicting how it will perform
over time and allowing for optimization of its design. Also, FEM is used for multiscale
computational modeling of bone tissue, which contributes not only to a better under-
standing of bone behavior, but also represents the basis for creating quality models for
simulating the interaction between bone and implants [10].
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FEM makes a great contribution to personalized orthopedics in the optimization
of the mechanical characteristics and shape of scaffolds and implants. This is achieved
through a design study process duringwhich, by changing the parameters andmaterial of
the implant or scaffold and successive FEM analyses, the optimal construction solution
is reached [11] (Fig. 2).

Fig. 2. Three instances of bone segment-scaffold assembly, in which struts angle was modified
to take representative values of 32°, 52° and 72° respectively [11].

4 Conclusion

The strong progress of personalized orthopedics in the last thirty years has been achieved
primarily through the application of various engineering technologies. Additive manu-
facturing, biomaterials, finite element method, medical imaging, virtual reality, robotics
and artificial intelligence had the greatest impact.

All listed engineering technologies are in constant development. Thanks to them,
an even faster development of personalized orthopedics is expected. We can expect
growing use of additive manufacturing, not only for production of orthopedic devices
but also in regenerative medicine. Regenerative medicine techniques, such as tissue
engineering and stem cell therapies, may play a larger role in orthopedics in the future.
These techniques may enable the regeneration of damaged or diseased tissues, reducing
the need for traditional implants and devices. All this will be supported by the use of
existing and further development of new biomaterials.

Also, we can expect increased use of artificial intelligence particularly in the areas
of diagnosis and treatment planning. AI algorithms may be able to analyze patient data
and medical images to identify patterns and predict outcomes, enabling more precise
and individualized care.

As personalized medicine continues to expand and patient involvement increases,
patients are anticipated to have a greater impact on their own healthcare. Wearable
technologies like smartwatches, smartphones, smart clothing, smart glasses, and other
sensors are expected to play a significant role in this development.

Acknowledgment. This research was financially supported by the ERASMUS+ project “Col-
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Trajanović, M., Konjović, Z. (Eds.) ICIST 2021 Proceedings, pp. 154–157 (2021)

4. Wixted, C. M., Peterson, J. R., Kadakia, R. J., Adams, S. B.: Three-dimensional printing in
orthopaedic surgery: current applications and future developments. JAAOS: Glob. Res. Rev.
5(4), e20.00230–11 (2021)

5. Vu, A.A., Burke, D., Bandyopadhyay, A., Bose, S.: Effects of surface area and topography
on 3D printed tricalcium phosphate scaffolds for bone grafting applications. Addit. Manuf.
39, 101870 (2021)

6. Santoni, S., Gugliandolo, S.G., Sponchioni, M., Moscatelli, D., Colosimo, B.M.: 3D bio-
printing: current status and trends—a guide to the literature and industrial practice. Bio-Des.
Manuf. 5(1), 14–42 (2021). https://doi.org/10.1007/s42242-021-00165-0

7. Wan, Z., Zhang, P., Liu, Y., Lv, L., Zhou, Y.: Four-dimensional bioprinting: current
developments and applications in bone tissue engineering. Acta Biomater. 101, 26–42 (2020)
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Abstract. Vision specialists, neurologists, and psychologists commonly rely on
manual techniques to evaluate oculomotor system performance: (1) direct obser-
vation tests such as the NSUCO oculomotor test and (2) visual-verbal formats
like Pierce, King-Devick, and DEM tests. Unfortunately, these tests mainly cover
a rough and subjective evaluation of oculomotor performance and are limited by
observer’s experience or measurement obtaining. Our study aims to address these
limitations by developing objective and quantitative approach to assess eye move-
ment performance in children and adults using eye-tracking technology. We have
developed amethod for detailed eye movement analysis in clinical practice, which
evaluates (1) saccades (reflexive, voluntary, and anti-saccades), (2) smooth pur-
suit eye movements (horizontal, vertical, and circular), (3) fixation stability, and
(4) reading eye movement parameters, including saccades, regressions, number
of fixations, fixation duration, and reading speed. Our method was tested on 378
children aged 6–13 years using Tobii Pro Fusion eye-tracker. By applying our
newly developed quantitative methodology, we were able to identify the benefits
and limitations of our approach. We believe our method will be particularly useful
for vision specialists, and we aim to continue refining and improving it in future
studies.

Keywords: Children · Eye Movement Recording · Fixations · Reading Eye
Movements · Saccades · Smooth Pursuit

1 Introduction

Vision is a complex process that involves a precise cooperation between the eyes per-
ceiving the visual information and central nervous system analysing the perceived infor-
mation. Eye movements are the fastest and most frequent motions made by the human
body, and their control system, known as oculomotor system [1], involves complex and
sophisticated neural networks. Eyemovements are essential inmany aspects of everyday
life, including reading, academic achievement, sports, and many other activities.
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In reading, efficient eye movement performance is crucial for proper tracking of the
text and comprehension of the material. The ability to make quick and accurate eye
movements, such as saccades and fixations, is essential for fluent reading [1]. Children
who struggle with oculomotor development may experience difficulties with reading and
comprehension,which can impact their academic achievement [2]. In addition to reading,
eye movements are also important in sports, particularly those that require tracking of
moving objects such as baseball, tennis, or soccer. Accurate and efficient eyemovements
are necessary for tracking the ball or opponent, predicting their movements, and making
quick decisions [3]. Eye movements also play a role in other activities such as driving,
navigating through crowded environments, and even social interactions. A precise eye
movement performance allows individuals to scan their surroundings, identify important
information, and respond appropriately. Overall, the importance of eye movements in
everyday life cannot be overstated. Efficient eye movements are essential for a wide
range of activities and can impact academic, athletic, and social success [4].

There are several methods applied in clinical practice to assess oculomotor perfor-
mance. The NSUCO test is a widely used clinical tool that assesses oculomotor system’s
ability, accuracy, head movement, and body movement, including tasks for scoring sac-
cades and pursuits. It is used to diagnose a range of conditions related to oculomotor
dysfunction [5]. The visual-verbal Pierce test assesses the time to execute a task by
involving saccades and is used to detect specific reading disorders that may be related
to oculomotor system [6]. The King-Devick test is similar to the Pierce test, a rapid
number naming test that assesses saccadic eye movements and is commonly applied
in screening for concussion in sports medicine [7]. However, both of these tests have
demonstrated a poor reliability [8]. TheDEM test is design to control for rapid automatic-
ity naming (RAN) by incorporating a vertical subtest that differentiates between poor
saccadic performance and poor RAN ability. It can help in identifying developmental
delays and disabilities that may affect academic performance [9]. The authors [10, 11]
concluded that clinicians should be cautious about using the DEM test in isolation as a
method of diagnostics or monitoring the effectiveness of saccadic dysfunction treatment.
Although each of these methods offers a distinct approach to evaluating oculomotor per-
formance and can provide valuable insights for diagnosing and treating conditions related
to eye movement dysfunction, they all rely heavily on subjective measurements and the
examiner’s experience.

There are several new technologies being used to examine and assess eye move-
ments. Recent advances in eye-tracking technology, using video-oculographic (VOG)
recordings with high-resolution cameras, allow for precise measurement and quantifi-
cation of various eye movement parameters. This information can be used to diagnose
different eye movement disorders, assess reading difficulties, and evaluate the effective-
ness of treatments [12]. Virtual reality is also being used to create realistic environments
that can test eye movements in a more naturalistic way. This technology is particu-
larly useful for assessing eye movements during activities like driving, sports, and other
real-world situations [13]. Electrooculography (EOG) measures the electrical signals
generated by the eye muscles during eye movements and can also be applied to diagnose
eye movement disorders and evaluate treatment effectiveness [14]. Functional magnetic
resonance imaging (fMRI) is a brain imaging technique that can be used to study brain



The Development of Objective and Quantitative Eye-Tracking 11

activity during eye movement tasks. This technology can provide insights into the neu-
ral mechanisms underlying eye movements and can be used to diagnose and monitor
eye movement disorders [15]. Overall, these technologies provide clinicians with more
detailed and accurate information about eye movements, enabling better diagnosis and
treatment of eye movement disorders.

However, each of thesemethods evaluates a specific stage of eyemovement program-
ming and is not always practical in clinical settings due to factors such as reliance on the
practitioner’s experience, high costs, and inconvenience. To address these limitations, our
study drew upon the practical experience of optometrists who regularly conduct vision
assessments and encounter eye movement-related problems. Specifically, we aimed to
develop an objective and quantitative approach for assessing eyemovement performance
in both children and adults using eye-tracking technology.

2 Developed Method

During the initial phases of our methodological development for assessing eye move-
ments, our primary focus was on examining oculomotor dysfunctions in children. Our
aim was to incorporate our previously established screening method for visual function
and perception in school-aged children [16, 17] with the next major hurdle in our devel-
opmental phase. We guided the development of our visual stimuli and methodology
using extant scientific literature on eye movement assessment tools, methods, norms,
and established correlations between oculomotor dysfunctions and reading dysfunctions.
Our methodology comprises four distinct components: the assessment of (1) saccades,
(2) smooth pursuit, (3) fixation stability, and (4) reading eye movements. The data was
gathered in a school setting. All children were positioned at a distance of 65 cm and their
chin and forehead were fixed, except during the DEM and reading tasks, where only the
forehead was stabilized due to the need for the child to read aloud. The chin rest was not
utilized during these tasks to prevent potential head movements. The screen resolution
was 1920 × 1020 (Dell P2419, 23.8′′). Before conducting the saccades, smooth pursuit,
and fixation stability tasks, we calibrated the eye movements. We used Tobii Pro Fusion
eye-tracker to record eye movements, applying two recording frequencies: 120 Hz for
saccades and smooth pursuit tasks, and 250 Hz for fixation stability and reading tasks.

(a) (b)

0.720 0.720

Fig. 1. The stimuli for saccades tasks: (a) stimuli for reflexive and voluntary saccades measure-
ments and (b) stimuli for anti-saccades measurements.
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Stimuli
Saccades were measured in three different tasks: reflexive, voluntary, and anti-

saccade performance. In all cases, the stimulus size was 0.7˚ (see Fig. 1). To avoid
confusion in the task instructions, a star was chosen as the visual stimulus in the anti-
saccade task (see Fig. 1b). The stimuli for the saccade tasks were presented 14.0˚ hor-
izontally from the centre to the right or left direction, and 11.31˚ vertically from the
centre to the up and down directions. The background colour was grey (RGB: 180; 180;
180). Reflexive saccades were measured by randomly displaying a dot in one of the four
directions (right, left, up, or down) for 5 s. Before each stimulus presentation, a fixation
cross appeared at the centre of the screen. The subject’s task was to fixate on the cross
and then quickly and accurately fixate on the stimulus dot. The evaluated parameters
included latency, velocity, accuracy, and amplitude. Voluntary saccades were measured
using the same dot stimulus. In the first set, two dots were presented on the screen in a
horizontal position, and in the second set, two dots were presented in a vertical position.
The subject was instructed to perform jumps (saccades) back and forth between the two
dots as fast and precise as possible for 15 s. The evaluated parameters included accuracy,
velocity, and the number of cycles completed (i.e., how many times the subject jumped
back and forth between the two dots). Anti-saccades were measured by presenting a
fixation cross at the centre of the screen before each stimulus presentation. The subject
was instructed to change their viewing direction as quickly and accurately as possible
along with the onset of the stimulus, in the opposite direction to the direction of the
stimulus demonstration. For example, if the stimulus was demonstrated to the right, the
subject had to change their gaze at the same amplitude but towards the left. The stimuli
were presented randomly, covering all four directions. The evaluated parameters in the
anti-saccade task included the pro-saccades error (i.e., the percentage of times the sub-
ject moved their eyes in the wrong direction), anti-saccades value (i.e., the percentage
of times the subject correctly moved their eyes in the opposite direction of the stimulus
demonstration), latency, velocity, and accuracy (i.e., hypo/hyper performance).

Smooth pursuit eye movements were assessed in three different ways. In all tasks,
the size of the dot stimulus was similar to that used in the saccade tasks, with a size
of 0.7˚, and the location of the dot was 10.8˚ from the computer screen (see Fig. 2).
The speed of the stimulus was constant in all tasks at 6˚/sec. The first task involved
horizontal smooth pursuit, where the stimulus appeared on the right side of the screen
after the fixation cross disappeared. The subject was instructed to fixate on the cross
initially and then track the moving dot as precisely as possible. To avoid predictable
initiation of smooth pursuit eye movements, the initial fixation was demonstrated a time
interval. The dot performed three sets of back-and-forth motion from one side of the
screen to the other. In the vertical smooth pursuit task, the same stimuli, instructions, and
presentation of stimuli were applied, except for the direction, which was from bottom to
top (back and forth). In the circular smooth pursuit task, the same stimuli, instructions,
and presentation of stimuli were used, with the first three circular movements performed
in an anti-clockwise direction and the next three in a clockwise direction. The evaluated
parameters of smooth pursuit tasks included latency, accuracy, movement symmetry,
and the number of catch-up saccades if there was no smooth pursuit movement.
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Fig. 2. The location andmovement of stimulus in themeasurements of horizontal (top left figure),
vertical (top right figure), and circular (bottom figures) smooth pursuit

(a)                       (b)

Fig. 3. The stimuli for measurements of fixation stability: (a) cross with dot and (b) a bee.

Fixation Stability. We employed two types of stimuli (see Fig. 3), as determined
from a comprehensive literature review. In order to obtain a more stable fixation, we
applied the cross with and incorporated dot stimulus [18] at a size of 0.6˚. To enhance
engagement of younger participants, we also utilized an attention-grabbing stimulus in
the form of a bee (sized at 1.76˚ both horizontally and vertically). The fixation point
was initially displayed at the screen centre for a duration of 3 s, following which the
stimulus – either a cross with a dot or the bee. The fixation stability stimulus was then
presented for a period of 10 s, duringwhich the subjectwas instructed tomaintain fixation
as closely as possible to the centre of the stimulus or the bee’s eyes. Both stimuli were
presented three times. The evaluated parameters for fixation stability included accuracy
and micro-saccade amplitude.

Reading Eye Movements. We employed two approaches: simulation of reading and
real text reading (see Fig. 4). For the simulation of reading, we employed the DEM
(Developmental Eye Movement) test which has been shown to be effective for reading
in previous studies [9] and is suitable for comparison with our data. We used Part C of
the DEM test and normalized the data for Latvian school-aged children, considering the
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Fig. 4. The stimuli for measurements of reading eye movements parameters: (a) the DEM test
Part C numbers, and (b) reading text in Latvian, e.g., for 1st grade child.

language specificity [19]. In addition to the DEM test, we prepared age-appropriate four
text samples for real text reading. The width of the DEM reduced Part C (8 rows out of
16) and reading tests were 14.9˚ wide. The height of the DEM test was 6.2˚ while the
height of the reading samples varied for different age groups (1st, 2nd, 3rd, and 4th to 6th

grades) to accommodate appropriate letter sizes for each age group. During the tests,
the subject was instructed to call out the numbers on the DEM test and read the texts
aloud as quickly as possible. To avoid head movements during calling and reading, the
subject’s chin was not fixed.

Fig. 5. Distribution of school-aged children by grade and gender who participated in the method
testing. by grade and gender.

Pros and Cons of Our Method
The objective of this study was to evaluate the feasibility of measuring eye movement
parameters in school-aged children using a specificmethod. Specifically, the study aimed
to assess the practicality of conducting such measurements in a school environment, to
gather data for the purpose of developing norms, and to identify factors that should be
taken into account during data collection, as well as issues where the method could be
improved. Our oculomotor evaluation method involves measuring four groups of eye
movements – saccades, smooth pursuit, fixation stability, and reading eye movements –
to provide a thorough assessment of oculomotor system. The entire process, including
repetitions for eye movement calibration, takes about 20 min for each child. We eval-
uated 378 children (see Fig. 5) in first to sixth grade. The average age of children was
9.3 years (SD = 1.7). Reading performance and eye movement parameters were eval-
uated in children with parental consent, based on specific visual criteria. These criteria
included a minimum near visual acuity of 0.8–1.0 on the decimal system, either with or
without correction if needed. Children with strabismus were excluded from the study.
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The selection of participants was carried out by school speech therapists using a random
sampling method, and reading skills were assessed at baseline.

There are currently analysing the data and developing age norms for each eye move-
ment parameter. As there are no existing age-appropriate norms of Latvian language-
specific information for these measurements, we are creating our own. Additionally, we
evaluated the reading performance of all participants using Acadience Reading test with
the help of school speech specialists. For a selected group of 80 children (40 with read-
ing dysfunction (low Acadience Reading score) and 40 without reading dysfunction,
selected randomly), we conducted a comprehensive eye examination, which included
eye refraction, binocular and eye accommodation functions, and the Acadience Reading
test adapted to Latvian, also administered by school speech specialists. Our objectivewas
to examine the relationship between oculomotor system parameters, reading parameters,
and visual disorders.

We have identified several strengths and limitations of our developed method which
we aim to address in future research. One of the major strengths is the potential use of
this method outside of specialist practice, such as in school environments, since recently
different mobile and small eye-tracking devices have been introduced in the market,
like Tobii Pro Fusion. The objective assessment of various eye movement parameters
eliminates any observer bias, and themethod’s versatility allows for the choice and appli-
cation of different stimuli for wider applications beyond oculomotor system screening.
However, the current challenge lies in the analysis of all parameters and correlations,
which requires further development of specially designed algorithms to handle the large
amount of data recorded. Furthermore, we aim to collect more data to develop an AI
model that can improve oculomotor dysfunction diagnosis.

In conclusion, developing an oculomotor dysfunction method based on eye-tracking
technology, with high sensitivity and negative predicting value for detecting oculomotor
dysfunctions would be of considerable benefit.

3 Discussion and Conclusion

The early experimental eye movement research has shown that when evaluating ocu-
lomotor performance clinicians primarily rely on direct observation of patients’ eye
movements, possibly due to the ease of qualitatively assessing salient characteristics
of various abnormalities, such as strabismus, nystagmus, and inaccurate tracking, using
unaided vision.However, recent advances in eye tracking technologyhave enabled objec-
tive eye movement recording, leading to more detailed spatial and temporal resolution
of oculomotor behaviour, precise quantitative determinations of eye movement charac-
teristics, and generation of permanent records [20, 21]. Currently, high-resolution and
high-precision devices have become available and are being investigated for their poten-
tial in evaluating ocular follow responses and diagnosing binocular vision [23, 24]. The
objective of our study was to develop a methodology for assessing the oculomotor sys-
tem that could be applied to various devices. However, it is important to note that this
task presents a considerable challenge, given that each device employs its own unique
data processing algorithm.
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The implementation of the novel method for testing visual functions in optometric
practice will assist parents, teachers, speech specialists, and psychologists in compre-
hending the aetiology of diverse reading and learning difficulties. In the context of such
dysfunctions, aa precise diagnosis is essential to determine the most suitable vision
therapy.

With our advanced knowledge in optometry and visual processes, we can establish
correlations between general visual functions, such as binocular vision, stereovision,
and eye accommodation, and specific eye movement parameters. By evaluating visual
functions in children with and without reading and learning difficulties, using mobile
eye trackers, we aim to enhance the role of optometrists in the vision care system by
introducing a new product for the detection of eye movement disorders. Additionally,
we aim to improve the general understanding of oculomotor dysfunctions as specific eye
movement disorders and develop a clear management system for each type of detected
eye movement disorder. Specifically, we propose the implementation of a specific vision
therapy that could effectively alleviate the problem. For instance, using saccadic eye
movement training to improve the amplitude of saccadic eyemovements through targeted
actions, rather than passive stimulation.

The assessment of oculomotor system is imperative not only for children with read-
ing disabilities [22] but also for adults who have suffered various head traumas [25],
unclear neurodegenerative diagnoses [26], or have disorders that can affect visual sys-
tem functions. Our method for diagnosing oculomotor dysfunctions will be instrumental
in developing a new branch of vision care services since vision therapy, as opposed to
vision correction, is the primary therapy for treating eye movement disorders.
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Department of Engineering and Architecture, University of Trieste, Trieste, Italy
lorenzo.zucchini@phd.units.it

Abstract. Unconjugated Bilirubin (UCB) concentration in plasma can be higher
in newborns than in adults; while a controlled and temporary increase of UCB con-
centration in plasma is physiological, a prolonged or excessive increase can lead
to severe neurological damage or death. In high-resource settings several methods
for bilirubin measurement have been in use for decades, including spectropho-
tometers that provide relatively accurate results and interference compensation of
other analytes, such as hemoglobin. In Low- toMiddle IncomeCountries (LMICs)
however, the presence of expensive and complex laboratory instrumentation is not
obvious. In this study a novel algorithm for the compensation of hemoglobin
on bilirubin measurement was proposed and evaluated on a simple, inexpensive
two-wavelengths reflectance photometer. Two bilirubin levels with five different
hemoglobin concentrations were prepared; a linear function was used to approx-
imate the relation between reflectance at 570 nm and hemoglobin concentration.
The relative errors were reduced from 94% to 15.4% for the worst case. Further
investigations are required to optimize the algorithm, including the use of different
wavelengths and wider ranges of concentration.

Keywords: Bilirubin · Neonatal Hyperbilirubinemia · Hemoglobin ·
Reflectance Photometry · LMICs

1 Introduction

Bilirubin is the major product of erythrocytes breakdown; under normal conditions
unconjugated bilirubin (UCB) is released in plasma where bounds to albumin, until it is
excreted in bile as conjugate bilirubin [1, 2]. In neonates, due to several factors, UCB
can form in higher concentrations: more than half of newborns experience a temporary
and controlled increase of UCB known as hyperbilirubinemia during their first days of
life, which is a physiological condition [3, 4]. However, roughly one in ten newborns
develops clinically significative hyperbilirubinemia: due to the neurotoxicity of bilirubin,
this condition can be severe and lead to kernicterus or death [2–4]. In these cases,
frequent monitoring of serum bilirubin is needed to establish a proper treatment and
reduce chances of neurological damage [5, 6].
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Several guidelines for the management of neonatal hyperbilirubinemia were estab-
lished [7–9]; however, in Low- to Middle Income Countries (LMICs), the lack of
infrastructures, technologies, and accessibility hinder their effective use [10–12].

Direct spectrophotometry for the measurement of bilirubin has been in use for
decades and several variants, both for laboratory and point-of-care applications, have
been proposed [13–19]. Themain limitation of this method is the interference from other
pigments, mainly hemoglobin, which can be present in plasma samples due to hemol-
ysis or bad blood samples handling or collection. Interferent analytes compensation is
normally accomplished through the use of reagents [19] or the use of lamps combined
with optical filtering systems capable of generating up to 512 different wavelengths
[20]. These aspects increase complexity, dimensions, cost and reduce usability of direct
photometry-based devices limiting their applicability in low-resource settings such as
LMICs [21].

The aim of this work is to propose and test a novel algorithm for hemoglobin inter-
ference compensation on a simple, portable, inexpensive two-wavelengths reflectance
photometer for the measurement of total serum bilirubin applicable to LMIC scenarios.

2 Materials and Methods

2.1 The Measuring Setup

A two-wavelengths reflectance photometer was used for the measurement of bilirubin
and hemoglobin samples (Fig. 1). Two discrete LEDs irradiated the sample at 465nm and
570 nm, respectively (KPHHS-1005QBC-D-V and KPT-1608CGCK, Kingbright, Tai-
wan); a photodiode (TEMD6200FX01,Vishay,USA)was used tomeasure reflected light
intensity at each wavelength; these components, as well as the sample, were enclosed in
a dark chamber blocking any external light. Other electronic components necessary for
the acquisition and digitalization of the signal were also included.

The 35 μL plasma samples were positioned on lateral flow test strips, composed of
a fiberglass filter coupled with a nitrocellulose membrane laid on a plastic support; since
no light was transmitted through the sample, the fraction of light not absorbed by the
sample was reflected towards the photodiode. In this way, the photometer acquired the
intensity of reflected light.

Fig. 1. A drawing of the discrete LED light sources, the irradiated sample, and the photodiode
placement. All these elements were enclosed in the darkened optical chamber and controlled by
other electronics.
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2.2 Test Samples

Apanel containing two different levels of bilirubin concentration and five different levels
of hemoglobin was prepared.

Commercial purified bilirubin (Bilirubin powder ≥ 98% – Code B4126, Sigma-
Aldrich) was dissolved in DMSO to obtain a mother bilirubin solution. Meanwhile,
10 mL of blood was drowned from one adult volunteer in a tube containing K3 EDTA
anticoagulant and, after centrifugation, two aliquots of plasma were transferred to sepa-
rated test tubes. The bilirubin mother solution was added in different proportions to each
of the test tubes to obtain 5.0 mg/dL and 15.0 mg/dL bilirubin concentrations, respec-
tively. To obtain a mother hemoglobin solution the same blood sample was lysed and
centrifuged again to separate lysed cells fragments; the high hemoglobin concentration
plasma was collected and used to prepare five levels of hemoglobin concentration for
each one of the test tubes.

The final concentration of hemoglobin for each sample was verified using conven-
tional methods. The final panel of samples is shown in Table 1; each sample was tested
in replicates of three.

Table 1. The panel of samples for this experiment. Three samples were prepared for each of the
two different bilirubin levels in combination with five different hemoglobin concentrations.

Sample Expected Bilirubin
[mg/dL]

Hemoglobin [g/dL]

B_1_H_1 5.0 0.21, 0.23, 0.21

B_1_H_2 0.32, 0.30, 0.30

B_1_H_3 0.46, 0.46, 0.48

B_1_H_4 0.62, 0.57, 0.59

B_1_H_5 0.68, 0.68, 0.71

B_2_H_1 15.0 0.16, 0.16, 0.16

B_2_H_2 0.27, 0.30, 0.27

B_2_H_3 0.39, 0.39, 0.39

B_2_H_4 0.50, 0.52, 0.50

B_2_H_5 0.64, 0.64, 0.68

2.3 Hemoglobin Interference Compensation Algorithm

The reflectance photometer device response to different bilirubin concentrations was
characterized by testing non-hemolyzed samples with different bilirubin concentration
in a sufficiently wide range for this experiment: specifically, the 465 nmwavelength was
used as it is relatively close to the bilirubin absorption peak. A function was used to
approximate the relation between 465 nm reflectance and bilirubin concentration. This
reflectance-bilirubin calibration curve was used to estimate bilirubin concentration.
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At 465 nm both bilirubin and hemoglobin show significative absorption, while at
570 nm only hemoglobin shows significative absorption and bilirubin response is close
to zero. For this reason, a given hemoglobin concentration causes a specific decrease in
reflectance at each wavelength (�R570 and �R465, respectively) with respect to a non-
hemolyzed sample. To subtract the influence of hemoglobin from reflectance at 465 nm,
thus, to measure bilirubin without hemoglobin interference, a relation between �R570
and �R465 had to be defined.

Reflectance data for non-hemolyzed samples (B_1_H_1 and B_2_H_1 in Table 1)
was defined as reference for 570 and 465 nm wavelengths and indicated as R570, ref and
R465, ref, respectively. For each of the other tests, �R570 and �R465 were calculated as
reported in Eq. 1 and Eq. 2, where R570, [Hb] and R465, [Hb] are the reflectance values for
a certain hemoglobin concentration at each wavelength.

�R570 = R570,ref − R570,[Hb] (1)

�R465 = R465,ref−R465,[Hb] (2)

Subsequently,�R570 and�R465 were correlated using a linear function. In suchway,
a certain difference between R570, [Hb] and R570, ref could have been associated with
a difference between R465, [Hb] and R465, ref, calculating the difference in reflectance
at 465 nm caused by hemoglobin. The �R465 itself was then added to the resulting
reflectance and bilirubin concentration was calculated.

3 Results

Reflectance at 465 nm was highly correlated with hemoglobin, leading to major
overestimation errors at both levels (Table 2).

A significative correlation was found between �R465 and �R570 (r = 0.85, p <

0.02); a linear equation was used to approximate this relation (Fig. 2).

Fig. 2. The linear equation used to approximate the relation between ΔR465 and ΔR570 (dashed
line). The upper and lower dotted lines represent the interpolation of lower and higher bilirubin
level samples, respectively.
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In Table 2 compensated bilirubin data is reported before and after the application of
the proposed algorithm. Without any compensation the relative errors were higher than
20% for almost every hemoglobin concentration apart from the non-hemolyzed samples,
and as high as 94% in the worst case. The algorithm effectively reduced relative errors
and resulted in a 15.4% error in the worst case.

Table 2. Results of the bilirubin measures without compensation and with compensation
algorithm. Relative percentage errors are reported (ε%).

No compensation After compensation

Sample Expected
[mg/dL]

Measured
[mg/dL]

ε% Measured
[mg/dL]

ε%

B_1_H_1 5.0 5.3 3.3 5.0 3.4

B_1_H_2 6.4 28.7 5.4 4.6

B_1_H_3 7.7 54.7 5.7 9.4

B_1_H_4 8.4 68.0 5.5 6.1

B_1_H_5 9.7 94.0 5.7 11.0

B_2_H_1 15.0 15.9 1.8 14.6 4.6

B_2_H_2 17.0 13.3 14.1 7.6

B_2_H_3 18.3 22.0 13.4 12.3

B_2_H_4 19.9 32.7 12.9 15.4

B_2_H_5 22.8 52.2 13.1 13.9

The discrepancy highlighted in Fig. 2 between the two tested bilirubin levels suggests
that bilirubin absorption at 570 nm is not negligible, resulting in an increased dispersion
of data points; to confirm this aspect, all reflectance data at 570 nm from each bilirubin
level was averaged, and a slight correlation was observed (r = 0.38).

4 Discussion

In this study, amethod for hemoglobin influence compensation on bilirubinmeasurement
was proposed and tested on a simple two-wavelengths reflectance spectrometer; the
instrument used two discrete LEDs emitting light at 465 nm and 570 nm, respectively,
and a photodiode measuring reflected light intensity. The sample size was 35 μL.

The testing of a panel containing two levels of bilirubin and five hemoglobin con-
centrations resulted in extensive overestimation errors using 465 nm light without any
compensation, since the absorption spectra of bilirubin and hemoglobin overlap sig-
nificantly at such wavelength. The choice of adding a 570 nm light was based on the
hypothesis that at this wavelength bilirubin shows negligible absorption, thus reflectance
signal is only attributable to hemoglobin concentration. The results indicated a relation,
albeit limited, between reflectance at 570 nm and bilirubin concentration: this resulted
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in different data distributions for the two levels, hence a not negligible deviation from
the ideal case of having a calibration law depending only on hemoglobin concentration.
Although this limitation, the algorithm led to a significant reduction of overestimation
errors at both levels of bilirubin: the use of a linear law allowed a reduction of the relative
errors from 94% to 15.4% in the worst case.

In a previous work, a simple two-wavelengths spectrophotometer with hemoglobin
compensation capabilities was proposed [18]: the authors reported a coefficient of deter-
mination r2 of 0.89 on bilirubin determination in serum, however no data was reported
concerning hemoglobin influence. In another study, a three-wavelengths handheld reader
was used to test plasma samples with bilirubin concentrations ranging from 0.0 to
36.3mg/dL [22]: the authors speculated that measured spectra showed little to no change
in absorption due to hemoglobin, although no data regarding hemoglobin concentrations
was disclosed. Lastly, a wearable device for real-time detection of jaundice capable of
measuring bilirubin, SpO2, and heart rate was recently proposed [23], resulting in good
agreement with commercial transcutaneous bilirubinometers.

Future effort will be aimed at optimizing the wavelength used for hemoglobin detec-
tion, thus at finding a wavelength for which bilirubin absorption is negligible and
hemoglobin absorption is adequate for this application. In addition, a larger panel of
bilirubin and hemoglobin concentrations will be needed to confirm the applicability of
this approach to the screening for neonatal hyperbilirubinemia in low-resource settings.

5 Conclusions

An algorithm for the compensation of hemoglobin interference on bilirubin measure-
ment was proposed and tested. Despite the need of additional investigation and optimiza-
tions, the results obtained in this study were promising and suggested the possibility of
achieving further improvements.
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Abstract. Muscle fatigue is a common symptom thatmany people experience and
is associated with difficulties in voluntary movement, which can lead to injuries.
Currently, surface electromyography (sEMG) is considered the gold standard for
muscle fatigue estimation, but its accuracy can be impacted by various factors.
Therefore, newmethods, such as the use of inertial sensors (IMU), are being intro-
duced. This study aimed to explore the relationship between muscle fatigue and
biomechanical parameters using inertial sensors and sEMG as a validation tool.
Four participants performed an elbow flexion exercise, and the data from IMU
sensor nodes and sEMGwere collected. The results showed that there were corre-
lations between the electrical activity of m. biceps brachii and rotation angles of
the forearm and upper arm. Additionally, an increase in motion amplitude devia-
tion was found to be a potential indicator of muscle fatigue. These findings suggest
that inertial sensors can be used as an alternative to sEMG for detecting muscle
fatigue, which has potential implications for injury prevention and rehabilitation.
However, further research with a larger sample size is needed to validate these
findings.

Keywords: Muscle fatigue · Inertial sensors · IMU · Surface electromyographs ·
sEMG ·Motion capture

1 Introduction

Muscle fatigue is a common non-specific symptom experienced by many individuals. It
is often defined as an overwhelming feeling of tiredness, lack of energy and exhaustion.
Muscle fatigue comes in different forms and this paper will analyze acute muscle fatigue
caused by intense muscle use.

Acute muscle fatigue impairs voluntary movements, but rest restores performance.
Its impact on athlete performance and injury risk has led to increased attention in sports.
Although the phenomenon has been observed for a while, studies on changes in human
biomechanics due to acute muscle fatigue are recent [1].

sEMG is the current “gold standard” for acute muscle fatigue but can be inaccurate
due to various reasons (noise from heart rate, respiration, etc.). New methods, such
as IMUs, are being sought to detect acute muscle fatigue. This work investigates the
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relationship between fatigued and non-fatigued muscle activity and movement changes
using IMUs, with sEMG used for validation.

IMUs measure the orientation of an object in space and these sensors can be placed
on the body to record the absolute orientation of body parts in space.

This article investigates the relationship between muscle fatigue and changes in
joint angles, as it has been shown in the literature that muscle fatigue has an effect on
biomechanical parameters [2].

The work has been developed at the Electronics and Computer Science Institute
(ECSI), in collaboration with the Biomedical Engineering and Nanotechnology Institute
of Riga Technical University (RTU BINI), using an IMU system developed at ECSI and
the existing sEMG at RTU BINI. Four volunteer participants took part in the study.

2 Methods

As it has been shown in the literature [3], with increase of muscle fatigue, a decrease in
coordination ability is observed, this study investigateswhether the IMUcan record these
changes. IMUs are a new generation of wearable devices with emerging applications in
human movement recording. The sEMG is used as a validation tool, which is considered
the “gold standard” for recording muscle fatigue, and in the practical part the increase in
the amplitude of the electrical potential of the muscle is recorded to determine whether
muscle fatigue has occurred, as this is one of the indicators of muscle fatigue [1].

2.1 Exercise

For the practical part of the exercise, the elbow flexion exercise is chosen.Measurements
of the electrical activity of the m. biceps brachii and measurements of the angles of
movement execution are performed in parallel while the individual performs a repetitive
elbow flexion exercise. The exercise is performed without stopping for one minute,
during which the individual is required to follow as closely as possible all the rules of a
technically correct exercise (see Fig. 1).

Four volunteer participants took part in the practical part of the study and were
briefed before the start of the practical part and the ethical aspects of the study were
agreed.

2.2 Systems Used

For the measurements, the IMU system developed at the Institute of Electronics and
Computer Science and the CleveMed BioRadio 150 physiological parameter recording
system at the Institute ofBiomedical Engineering andNanotechnology ofRigaTechnical
University as sEMG are used (see Fig. 2).

IMU System. This study used a wearable IMU system. The IMU system used for
data acquisition consisted of three connected sensor nodes and a data acquisition device
mounted on the body. Data from the data acquisition device was sent to a computer using
Bluetooth technology.
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Fig. 1. Elbow flexion exercise. Volunteer participant is doing elbow flexion exercise using
resistance band.

Fig. 2. IMU and sEMG placement. Green circles show the position of the IMU sensor nodes
(fixed on the forearm, upper arm and shoulder but for the data analysis only data from the forearm
and upper arm nodes is collected), purple circle shows IMU system’s Master board and power
supply unit, red circles show sEMG electrodes (placed on biceps breachii muscle) and blue circles
shows sEMG signal recording system.

In the IMU system used, each sensor node consists of three types of sensors:
accelerometer, magnetometer and gyroscope. Each sensor has three measurement axes
(x,y and z) [4].

From sensor nodes data was sent in quaternion form. Quaternions do not directly
represent the rotation of an object, so it is necessary to convert quaternions into a
more easily understandable representation of rotation. This work uses the mathematical
representation of Euler angles.

In themathematical representation ofEuler angles, the rotation of an object is denoted
as rotation about three orthogonal axes, denoted as - Roll (rotation about x-axis), Pitch
(rotation about y-axis) and Yaw (rotation about z-axis). The angles of rotation about
the axes are conventionally denoted as follows: rotation about the x-axis by F, rotation
about the y-axis by θ, rotation about the z-axis by ψ. In formulas (1), (2) and (3) these
angles are calculated from quaternions q0 (scalar part), and q1, q2, q3 (vector part).

� = arctan
2(q0q1 + q2q3)

1− 2
(
q21 + q22

) . (1)



28 B. Banga et al.

θ = arcsin(2(q0q2 − q3q1)) (2)

ψ = arctan
2(q0q3 + q1q2
1− 2

(
q22 + q23

) (3)

sEMG System. Electromyography, or EMG, is a technique for recording the electrical
potentials generated by skeletal muscle cells [5].

With sEMG, muscle fatigue can be observed as: changes in the mean absolute value
of the signal, changes in the amplitude and duration of the muscle action potential and
a general shift to lower frequencies [6]. In this work, the method of comparing changes
in muscle action potential amplitude.

Only one electrical potential readout channel was used as the electrodes were
mounted only on the biceps muscle.

As the electric potential is in both positive and negative directions, the first data pro-
cessing step is to obtain absolute values of the electric potential. A rectification method
using a moving average was used to estimate the shape of the electric potential. For each
repetition obtained, the average value of one hundred measurements was calculated. The
mean value, absolute deviation and relative deviation of the peak value were calculated.

3 Results

3.1 IMU System

Using formulas (1), (2) and (3), Euler angles were calculated for the upper arm are
shown in the graph in Fig. 3. Although the upper arm must remain stationary during the
exercise, it can be observed that there are oscillations in the upper arm data.

Fig. 3. Upper arm Euler angles. The angleψ is the forward or backward rotation of the upper arm,
the angle F shows the rotation about its axis and the angle θ shows the crouching and retraction
away from the trunk.

Euler angles were also calculated for the lower arm and are shown in the graph in
Fig. 4.
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Fig. 4. Lower armEuler angles. The angleψ is the forward or backward rotation of the lower arm,
the angle F shows the rotation about its axis and the angle θ shows the crouching and retraction
away from the trunk.

3.2 sEMG

To assess the mean electrical potential shape of a non-tired muscle, a forearm flexion
exercise was performed 10 times. Noises exceeding the electrical potential that the
muscle is capable of generating were observed (peak values above 5 mV in the graph),
that is why the data was then filtered so that data between 30 and 400 Hz is left, and the
absolute values are calculated using the rectification method described above. The data
are plotted on a graph (see Fig. 5).
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Fig. 5. sEMG data from biceps brachii.

3.3 sEMG and IMU

To compare sEMG and IMU data, they were plotted on the same graph (see Fig. 6). On
this graph it can be observed that during the elbow flexion movement, changes in angles
appear in the IMU data and changes in the electrical potential are also observed in the
sEMG data.
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Fig. 6. sEMG and IMU (ψ1, F1, θ1) data for five elbow flexion repetitions.

4 Discussion

To determine muscle fatigue, the electrical potential and Euler angles were analyzed and
compared for the first five repetitions of the exercise and the last five repetitions for both
the upper arm and the forearm sensors.

It is found that the average peak value of the electrical potential of the first five elbow
flexions is less than the average peak value of the electrical potential of the last five times,
while the deviation in the first case is about 13% lower. This means that by the end of
the exercise, the individual’s coordination had weakened, making it more difficult to
maintain a consistent technique and possibly other muscle groups began to compensate
for the biceps muscle at times. As the electrodes were only placed on the biceps muscle,
it is not possible to judge which other muscle groups participated in this exercise.

For each participant the mean value of the maximum Euler angles and biceps brachii
electrical potential from the peak values as well as their standard deviation and repeata-
bility of the exercise for the first five and last five elbow flexions were calculated. The
results for the first five elbow flexors for all participants are shown in Table 1 and for the
last five elbow flexors in Table 2. The first column of the tables shows the participant’s
serial number, the second column shows the calculated values (aa – mean value, SD -
standard deviation and arep - exercise repeatability). Numbers that are highlighted using
“bold” font are maximum values when comparing values in both tables. In this case,
the “-” sign only indicates the direction of execution of the movement, so the absolute
values of the measurements are compared.

Comparing the results between all participants, it is found that in the results obtained
from sEMG, in almost all cases the values of peak amplitude and standard deviation of
the measurements at the end of the last exercise were higher than at the beginning, while
the repeatability of the exercise during the first five exercise sessions in all cases with
sEMG is were higher. From the IMU data, it can be concluded that the mean peak Euler
angle values of the amplitudes were higher at the end than at the beginning in 71% of
the cases, the standard deviation of the measurements was higher at the end than at the
beginning in 88% of the cases and the exercise repeatability was higher at the beginning
than at the end in 80% of the cases.

When comparing the changes in the individual angles, the most pronounced changes
are observed in the forearm Euler angle � values and the upper arm angle � values,
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where aa and SD have been greater than at the beginning in 91% of the cases and arep
has been greater at the beginning than at the end.

From these results it can be concluded thatwhenmuscle fatigue occurs, the individual
has difficulty in repeating the exercise in the same way each time. This change can be
recorded if it is known how the individual performs the exercise before fatigue sets in,
and if the repetitiveness of the exercise is less than at the start, then it can be inferred
that muscle fatigue has set in.

Table 1. Results of all participants for the first five times of performing the exercise.

Participants Calculated
values

IMU from forearm IMU from upper arm sEMG

�, ° �, ° �, ° �, ° �, ° �, ° mV*10–1

1 aa −163.70 −87.81 169.62 22.94 −44.26 −29.48 3.00

SD 2.65 0.40 0.97 2.23 2.31 1.65 0.86

arep 98.38 99.54 99.43 90.28 94.78 94.4 71.33

2 aa −105.20 −67.78 129.42 24.84 −21.90 −20.26 2.93

SD 2.87 2.13 5.12 3.40 1.82 4.49 0.69

arep 97.27 96.86 96.04 86.31 91.69 77.84 76.45

3 aa −128.57 −82.28 140.63 19.90 −17.65 −7.31 2.93

SD 4.15 0.94 3.32 6.85 2.04 0.73 0.65

arep 96.77 98.86 97.64 65.58 88.44 90.01 77.82

4 aa −127.99 −63.06 166.94 18.78 −25.63 −14.41 1.52

SD 6.49 1.99 7.27 5.73 0.91 0.98 0.27

arep 94.93 96.84 95.65 69.49 96.45 93.2 82.24

The aim of the work was achieved and it was shown that the developed method can
be used to record changes in biomechanical parameters that occur duringmuscle fatigue.
It was proven that when muscle fatigue (decrease in exercise repeatability) was detected
by sEMG, in 83% cases IMU system also detected it.

The results show that IMU system has a potential to be used for detecting muscle
fatigue has the potential to be developed in the future, because this system does not
have the obstacles for precise measurement as sEMG system (noise from inner organs,
movement artefacts etc.). For the results to be more accurate, future studies should
involve IMU system with more sensor nodes attached to different parts of body.
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Table 2. Results of all participants for the last five times of performing the exercise.

Participants Calculated
values

IMU from forearm IMU from upper arm sEMG

�, ° �, ° �, ° �, ° �, ° �, ° mV*10–1

1 aa −175.82 −84.09 178.69 28.13 −45.24 18.23 2.97

SD 12.60 1.88 11.21 3.32 4.97 4.77 1.11

arep 92.83 97.76 93.73 88.2 89.01 73.83 62.63

2 aa −111.16 −69.49 137.51 32.38 −27.73 32.47 4.24

SD 8.11 1.69 8.85 4.38 3.49 5.70 1.56

arep 92.7 97.57 93.56 86.47 87.41 82.45 63.21

3 aa −129.11 −84.92 152.36 5.36 −25.59 7.21 4.30

SD 7.62 1.23 10.32 2.54 5.99 1.36 1.58

arep 94.1 98.55 93.23 52.61 76.59 81.14 63.26

4 aa −170.64 −68.64 162.00 9.37 −13.47 21.600 1.61

SD 8.72 2.83 16.22 2.73 3.99 10.082 0.43

arep 94.89 95.88 89.99 70.86 70.38 53.32 73.29
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Abstract. Augmented Reality (AR) can improve the accuracy of surgical proce-
dures by displaying 3D reconstructions of organs directly on the patient’s body.
Moreover, it can improve the surgeon’s level of attention by freeing him from the
task ofmentally associating information from various sources. A crucial aspect for
the reliability of an AR system is the registration process, which aims to guarantee
the correspondence between the 3D model and the real organ during the whole
operation.

The research work introduced in this paper aims to improve the accuracy of
the registration process by updating the alignment between real and virtual organs
even in presence of deformations induced by the insertion of surgical instruments
or small displacements that organs might undergo during surgery. By detecting
even imperceptible movements, the inertial sensors allow dynamic updating of the
alignment between real and virtual organs to ensure an error of a few millimetres.

The solution introduced in this study could therefore constitute a first step
towards improving precision in AR-guided surgery, although more in-depth stud-
ies are needed to assess the optimal positioning of the sensors, which in the future
could be done automatically by an application that suggests it in the preparatory
phase of surgery.

Keywords: Augmented Reality ·Mini-invasive Surgery · Registration
Accuracy · Inertial Sensors

1 Introduction

Minimally invasive surgery techniques make it possible to reduce the period of hospi-
talisation and the risk of postoperative complications by minimising incisions on the
patient’s body. In this context, augmented reality can provide a kind of ‘X-ray vision’ of
the patient’s anatomy by displaying 3D reconstructions of organs directly on the patient’s
body [1, 2]. Moreover, the surgeon can be guided by real-time visual and audio cues that
improve his concentration and avoid damage to anatomical structures [3]. This can have
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a major impact on the accuracy of surgeries and the time required to perform them, as
well as improving expected results from the effective use of minimally invasive surgery.

Fundamental to the reliability of an augmented reality system is the registration
process [2], which aims to ensure the correspondence between the 3D model and the
real organ throughout the entire operation [3]: high accuracy is required to guarantee
an error of less than 3 mm even after deformations or displacements that the organ may
undergo during surgery.

The typicalmethods for tracking the pose and orientation of real objects in augmented
reality applications can be based on markers, sensors or features recognized through
computer vision techniques [4].

For applications in medicine and surgery, where a very high level of precision and
accuracy is required, professional optical trackers [5, 6] are often used: they use infrared
cameras to detect the position of various semi-reflective spheres arranged according to
known geometries [7]. The main limitation of optical tracking is the need for a direct
line of sight between the optical markers and the camera sensor, which is rigidly fixed
in the operating room.

An alternative solution may be electromagnetic tracking, based on an electromag-
netic field generator: it does not require such a direct line of sight, but the presence
of metallic or ferromagnetic sources in the working area may cause interference in the
measurement [8].

To ensure maximum accuracy, however, it is necessary to detect even the smallest
deformations of anatomical structures, which can be induced either by the insertion of
surgical instruments or by the patient’s normal cardio-respiratory activity.

Organ-specific biomechanical models [9] can provide an accurate estimate of surface
deformations, but would not be able to provide the result in real time, especially in the
presence of significant or non-linear deformations [10].

To make the problem computationally tractable, sensors or markers can be placed
on the patient’s body. The workflow described in [11] for liver resection surgery is based
on a finite element model obtained from preoperative image segmentation and driven by
3D markers tracked by infrared cameras.

This paper aims to introduce hybrid approaches based on the combined use of inertial
sensors with visual markers detected by a stereo-camera with reference to orthopaedic
hip and knee surgery.Moreover, an approach to integrate semi-reflective spheres detected
by an optical tracker into the considered scenario will be evaluated.

2 Methods

2.1 Hybrid Tracking Architecture

For the first prototype of the application, the HTC VIVE Pro 2 system [12] (Fig. 1)
was chosen, which can offer a more detailed and higher-quality visual experience than
stand-alone visors. The VIVE Pro 2 headset supports a maximum overall resolution of
4896× 2448 pixels at a refresh rate of 120 Hz and provides a field of view of 120°. Two
handheld controllers are supplied with the device, through which the user can interact in
a virtual environment. Themovements of the user’s head and the position and orientation
of the two handheld controllers are tracked by two infrared cameras.
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Although it was initially designed for virtual reality [13, 14], the VIVE headset can
be used also as a video-see-through augmented reality display thanks to the integrated
stereo camera and the SRWorks SDK available on the VIVE site for developers [15].
Whereas optical-see-through augmented reality superimposes additional information
directly onto the scene seen by human eyes through the semi-transparent lenses of a
visor, video-see-through augmented reality superimposes additional information into
the video stream captured by a camera and presented to the user.

Fig. 1. HTC VIVE Pro 2 Virtual Reality system.
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Fig. 2. System architecture.

For the development of the application, the Unity game engine [16] was chosen,
which supports several desktop, mobile, console and extended reality platforms. The
Unity engine is able to run C# scripts, associated with some game objects, that define
a number of event functions to be executed in a predetermined order [17]. The Update
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function in particular, called once per frame, can be used to dynamically update the
tracking data and more generally the scene in augmented reality.

Figure 2 shows the general architecture designed for a hybrid tracking based on
inertial sensors and visual markers. The see-through module of SRWorks enables the
acquisition of the real environment. The left and the right images captured by the dual
camera are combined into a depth texture, which can be retrieved by means of the
GetDepthTexture method of the ViveSR_DualCameraImageCapture class and passed
on to a plugin for the detection of visual markers attached to inertial sensors sending
accelerometer, gyroscope and magnetometer data. More details on marker detection and
inertial sensors will be provided in Subsects. 2.2 and 2.3 respectively.

In order to guarantee compatibility with Unity and portability on various types of
platforms, variants of a sensor receiver plugin were prepared for communication via the
Bluetooth Low Energy (BLE) protocol. In particular, considering both stand-alone and
PC-connectable visors in addition to the traditional desktop platform, efforts were made
to ensure compatibility with x86, Android and Universal Windows Platform (UWP)
platforms.

To ensure the efficient reception of updated data in Unity, lock-free data structures
and atomic calls for updating variables were used in the plugin implementation. A thread
running within the plugin atomically updates a variable as soon as a message containing
new data is received from the sensors. At the same time, to read updated data from the
sensors, the Update method of a Unity script calls a plugin function that accesses the
contents of the same variable atomically and without blocking.

2.2 Marker Detection

A correct registration of 3D objects based on markers depends on the quality, size
and spatial disposition of markers [4]. The experimental measurements reported in [4]
revealed that, for Vuforia SDK [18], the root mean squared error in AR placement is of
some millimetres when the distance between the marker and the device is less than 2 m,
but it can reach even 17 cm for a distance of 6 m. On the contrary, ARcore SDK [19]
seems to provide better placement accuracy, which is not influenced by distance. For
both frameworks, accuracy is significantly influenced by lighting conditions. For these
reasons, these solutions were discarded.

The DeepTag framework [20], based on deep learning, can be employed for marker
design and accurate detection and was chosen to be invoked by the marker detection plu-
gin in the architecture of Fig. 2. It provides more accurate detection and pose estimation
than other libraries even in presence of severe Gaussian noise or motion blur. In typical
marker detection frameworks [21–26] digital symbols are represented with black and
white cells and decoded through image binarization to simplify shape analysis. ArUco
[27, 28] tries to increase the intermarker distance and the number of bit transitions in the
coding system. TopoTag [29] tries to improve the accuracy of pose estimation achiev-
able through a checkerboard design by exploiting more keypoints. Instead of relying on
edge detection and image binarization, DeepTag directly regresses keypoints and digital
symbols from local shapes with Convolutional Neural Networks (CNN). In this way,
it is able to recognize both traditional markers and new markers with customised local
patterns.
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2.3 Inertial Sensors

The adopted sensor model is Muse V3, produced by 221e S.r.l. [30], which combines
inertial and environmental sensors together with on-board flash storage and Bluetooth
Low Energy (BLE) connectivity. It runs proprietary algorithms that range from ori-
entation estimation to embedded time-frequency analysis for predictive maintenance
applications. It includes the following main components:

• Digital inertial sensors, which are gyroscope (up to ±2000 dps), accelerometer (up
to ±32g), magnetometer (±50G);

• Digital 3-axis High Dynamic Range (HDR) accelerometer (up to ±400 g);
• Temperature (accuracy up to±0.1 °C,−40…125 °C) and relative humidity (accuracy

up to ±1.5%RH, 0…100%RH) sensors;
• Digital barometer (accuracy 0.5 hPa, 260–1260 hPa);
• Light and proximity sensor (0.0022–73000 lx, detection range up to 160 mm).

2.4 Use Case: Orthopaedic Hip and Knee Surgery

As a first scenario, a sawbone leg model (Fig. 3) will be considered to simulate
orthopaedic hip and knee surgery. Two Muse V3 inertial sensors can be placed at the
centres of mass of the femur and tibia, respectively. A visual marker printed on paper
can be attached above each sensor.

Femur and tibia pose and joint angles can be estimated from marker position data
and accelerometer, gyroscope and magnetometer data provided by the sensors using
recursive updating algorithms based on a Kalman filter [31, 32].

Fig. 3. A sawbone leg model with Muse V3 sensors placed on it.

2.5 The Addition of an Optical Tracker

The combined use of sensors, visual markers and optical trackers could allow both a
comparative evaluation of the various combinations that can be used for tracking and the
evaluation of more complex data fusion techniques that can effectively aggregate data
from these three different types of technologies.

The Polaris Vicra optical tracker [5], produced by NDI Inc., exploits two infrared
cameras and a position sensor to detect infrared-emitting or retroreflective spheres affixed
to a tool or object (Fig. 4); using the information received from the spheres, the device
(273 mm × 69 mm × 69 mm) is able to know the position and orientation of the tools
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Fig. 4. Polaris Vicra tracker with reflective spheres and its measurement volume.

within a specific measurement volume, depicted in Fig. 2, with an accuracy of 0.2 mm
and 0.1 tenth of a degree. Data are updated at a maximum rate of 20 Hz.

TheViconBonita [6] tracking systemprovides greater stability and robustness thanks
to four infrared cameras working at a frame rate of 240 fps. It provides a wide angle of
view measuring 82.7° × 66.85° and a narrow angle of view measuring 32.7° × 24.81°.

In a hybrid scenario including markers, inertial sensors and optical tracking, RUNE-
Tag markers [33], which are also compatible with DeepTag, could be used: they consist
of a set of high-contrast circular features spatially arranged in concentric layers and allow
identification and pose estimation even in the presence of severe occlusions. The centre
of such markers, which is left empty, could accommodate the semi-reflective spheres
used by the optical trackers.

3 Conclusions and Future Work

In the present work, some hybrid approaches have been outlined to ensure accurate
tracking in an augmented reality system for surgery, which is necessary for the correct
updating of 3D model registration with respect to the patient’s anatomy. The adoption
of small inertial sensors equipped with Bluetooth Low Energy connectivity opens up
interesting research scenarios, thanks to the possibility of affixing above them both
visual markers detected by a stereo camera and semi-reflective spheres detected by
more complex optical trackers.

In future steps of the experimentation, the adoption of additional stereo cameras,
which have a higher resolution than that integrated in the VIVE headset, will be consid-
ered: in particular, both small pluggable cameras on the headset (such as OAK-D [34]
or ZED Mini [35]) and external cameras that can be installed in a fixed, frontal position
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with respect to the operating scenario will be considered (such as Azure Kinect DK
[36]).

Moreover, the optimal positioning of the sensors will be studied in more detail: in
particular, a software tool will be developed that can detect this optimal positioning
automatically and suggest it to the surgeon in a virtual reality environment that can be
used for preoperative planning.
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Abstract. The aim of this paper is to study the materials that can be used for
the impact detection and the force measurement in personal protective equipment.
Several commercially available piezoresistive materials are investigated (Eeon-
Tex LTT-SLPA, Sefar Carbotex 03-120CF/03-160CF/03-205CF) and compared
to proprietary DAid knitted piezoresistive fabric. It is demonstrated that the oper-
ating range of these materials can be extended by adding fiberglass mesh, which
functions as a spatial separator and reinforcing layer, as well as by combining
homogenous and heterogeneousmaterials in a singlemultilayer sensor. It is shown
that EeonTex LTT-SLPA and Sefar Carbotex 03-120CF, used either separately or
together, perform better than other studied materials. The derivative approxima-
tion can be used for more accurate signal analysis. The proposed solutions allow
to increase the sensor operational range to a certain extent. A number of potential
solutions is presented for the cases, when sensors are subjected to impacts that
have substantially higher energy values.

Keywords: textile pressure sensor · personal protective equipment

1 Introduction

In the field of protective smart clothing such topics as themonitoring of the wearer’s vital
signs and spatial position are thoroughly studied [1]. On the other hand, solutions for the
monitoring of hazardous events, such as impacts with foreign objects, have been studied
to a much lesser extent. A matrix pressure sensor integrated into the personal protective
equipment (PPE) can serve as a solution for monitoring of the aforementioned risk.
Such sensors can be constructed in a number of ways, which differ by their principle of
operation: capacitive sensors [2], piezoelectric sensors [3], triboelectric sensors [4], and
piezoresistive sensors [5]. This study focuses on the piezoresistive sensors, due to their
high sampling rate and constructive simplicity. The duration of the impact is 6–10 ms in
case of a 180–360 g impactor travelling at 6 m/s, thus, a sampling rate of at least several
kHz is required to gather enough data points [6].

In the core of such sensors there is a piezoresistive material, thus, by measuring the
changes in electric resistivity it is assumed that the applied force can be assessed. The
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piezoresistivematerial can be chosen fromavariety of different options. Someprototypes
use Velostat or Linqstat films [6], which is a polymeric film impregnated with carbon
black, which makes it electroconductive and imparts piezoresistive properties due to
the percolation effect [7]. Such films are not breathable and are not well suited for the
adaptation to anatomical 3D shapes, required for PPE. The same can be said about
specially prepared piezoresistive compounds and coatings, usually made by mixing an
elastomermatrix and a conductive filler, such as carbon black [8]. Taking into account the
intended application in PPE and the required compatibility with the textile structure, the
following textile piezoresistivematerialswere chosen for the current study:EeonTex LTT-
SLPA 60 k� conductive polymer-coated knitted fabric and Sefar Carbotex 03-120CF/03-
160CF/03-205CF carbon/polyester woven fabrics. Besides that, the behaviour of these
commercial fabrics is compared to that of the proprietary knitted textile piezoresistive
material [9].

Such PPE, coupled with a monitoring system, would provide a major benefit for the
safety and the health protection of the personnel operating in remote locations and/or
in an environment that involves a risk of flying objects, e.g., first responders, workers
in mines, quarries, roofers, construction workers etc. In our recent study we explored
the electrophysical properties of the aforementioned fabrics under a slowly changing
load, which can be used in textile pressure sensors [10]. However, the behaviour of
these fabrics under a dynamic load, e.g., an impulse-like impact with a foreign object,
is substantially different due to the structure of the materials.

2 Materials and Methods

2.1 Materials

Since the aim of this study is to select the materials, which are suitable for the use in
the wearable PPE for impact detection, several textile piezoresistive materials have been
chosen for testing. These materials can be easily tailored and integrated into the textile
structures, such as vests or jackets.

EeonTex LTT-SLPA 60 k� (hereinafter called Sample 1), which is selected for the
tests, which is a bi-directionally stretchable elastic knitted fabric containing 72% nylon
and 28% spandex, and is coated with a proprietary conductive formulation, based on
conductive polymers. Its area density is 163 g/m2 and it has a thickness of 0,38 mm [11].
It is made by Eeonyx Corp., Pinole, CA 94564.

The other materials are from the Sefar Carbotex line made by Sefar AG, Heiden,
Switzerland. These are woven fabrics, composed of polyester threads in the warp direc-
tion and unidirectional weft threads, made of a carbon-loaded composite material, which
alternate with non-conductive polyester threads [12]. The structure of the Carbotex fab-
rics is shown in Fig. 1. Based on our previous study [10], these variants have been chosen
for the experiments: Sefar Carbotex 03-120CF, 03-160CF, 03-205CF (hereinafter called,
respectively, Sample 2, Sample 3, and Sample 4).

By combining the threads that have different dimensions and the resulting contact
area, their properties can be adjusted. The detailed properties of the Sefar Carbotex
fabrics are presented in Table 1.
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(a) Carbotex 03-120CF (b) Carbotex 03-160CF (c) Carbotex 03-205CF

Fig. 1. Structure of the Sefar Carbotex fabrics at 100x magnification.

Table 1. Properties of Sefar Carbotex fabrics

Product Mesh opening
[µm]

Open area
[%]

Mesh count,
warp [n/cm]

Mesh count,
weft [n/cm]

Weight
[g/m2]

Thickness
[µm]

03-120 CF 120 42 51 55 35 135

03-160 CF 160 44 41 46 44 148

03-205 CF 205 40 31 31 85 225

To perform the necessary measurements, the piezoresistive material is placed
between strips of conductive fabric Nora-PW made by Shieldex. It is a highly conduc-
tive Ni/Cu/Ag plated nylon woven fabric with surface resistivity less than 0,03 �/sq.,
its thickness is 0,102 mm and its area density is 83 g/m2 [13].

Since the study is focused on PPE with a potential of high-energy impacts, a number
of sensors, whichwere tested, comprised an integrated reinforcing layer, which is formed
by a fibreglass mesh with the following properties: thickness 0,04 mm, mesh size 3 ×
4 mm.

2.2 Methods

In order to accomplish dynamic tests of the selected materials, an ad hoc drop weight
tower has been constructed. The tower consists of a base with a sample holder, to which
a mast is attached. The mast holds a 2 m tube with a 40 mm inner diameter, which
is centred above the sample holder. Impactors are dropped through the tube and land
precisely on the designated spot with their tip aligned perpendicularly to the sample.
The impactors have a hemispherical tip with a 30 mm diameter. Two types of impactors
are used in this set of experiments, which differ by weight: 180 g and 360 g. These
impactors reach the speed of 6,2 m/s and thus, their kinetic energy is respectively 3,5 J
and 7 J just before the impact. A 20mm thick plate made from high density polyethylene
foam is placed under the sample, in order to protect the structure of the rig, which also
mimics the elasticity of human body. At least three impacts with each impactor weight
were obtained for each sample.

An electronic data collection system based on Arduino was built for the signal
acquisition and pre-processing. The system measures the resistance with a sampling
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rate of 3–5 kHz and has a built-in threshold for impact detection. Measuring circuit
voltage is 5 V and it is based upon a voltage divider with a fixed 4,7 k� resistor. Due to
limitations of the onboard memory, resistance is measured with 10 Ω resolution.

Although the materials have shown a good performance during the tests with a
static load (e.g., see Fig. 2), the dynamic tests have indicated that these materials have
a limited dynamic range. Figure 3 shows the data obtained for EeonTex fabric: 3,5 J
impacts (green line) can be distinguished from 7 J impacts (orange line): 7 J impacts
have a lower resistance and a steeper gradient. However, during 7 J impacts the resistance
drops to low values, and does not leave room for assessing stronger impacts. In the realm
of PPE, 7 J is a modest impact, thus, in order to be able to assess energy of stronger
impacts, it is necessary to increase the dynamic range of these materials by increasing
their resistance (for a greater sensitivity during stronger impacts).

Fig. 2. Static loading of EeonTex fabric:
0–100 N compression force (grey), resistance
in Ohms (black).

Fig. 3. Dynamic tests, EeonTex fabric: 3,5 J
(green) and 7 J (orange) impactor energy.

In order to increase sensors’ sensitivity to higher energy impacts, a number of
solutions have been tried experimentally, namely:

a. a fiberglass mesh reinforcing layer has been introduced, which ensures a spatial sep-
aration of the sensors’ layers and at the same time increases its capacity to withstand
higher energy impacts;

b. double layers of materials have been tested. Materials of Carbotex family are uni-
directional, with conductive threads present only in weft direction, thus, by placing
two layers of such material, arranged perpendicularly to each other, one may expect
to obtain new properties;

c. materials of different types have been combined in one sensor. EeonTex is a dense,
knitted material and has a polymeric coating, while Carbotex is woven and contains
carbon composite threads.

3 Results and Analysis

3.1 Introducing Fiberglass Mesh

In order to make these experiments, the piezoresistive layer was inserted between two
layers of fiberglass mesh, which ensured spatial separation from the Shieldex Nora-PW
fabric, used for signal read-out.
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In Fig. 4 and 5 results for Sample 1 and Sample 2 are presented respectively.
Introduction of a fiberglass layer had a more substantial impact on Carbotex materi-

als, as can be seen in Fig. 5 for Sample 2. Performance of Sample 1 (see Fig. 4) was less
noisy, but this approach did not have a big influence on the overall resistance. Resistance
of Sample 3 dropped to 50–60 � in case of 3,5 J impactor and 20–30 � for 7 J impactor.
In case of Sample 4 the resistance was in the 10–20 � range for both impactors. Besides
that, signals had a similar slope.

Fig. 4. Sample 1 separated by two fiberglass
mesh layers: 3,5 J (green) and 7 J (orange)
impactor energy.

Fig. 5. Sample 2 separated by two fiberglass
mesh layers: 3,5 J (green) and 7 J (orange)
impactor energy.

3.2 Double Layer of Piezoresistive Material

For these tests sensors had two layers of piezoresistive materials. In case of Carbotex
fabrics the two layers were arranged perpendicularly in relation to each other.

The results of the experiments thatwere carried outwith the piezoresistive layers only
were not satisfactory, because (1) in the case of EeonTex fabric the intended increase
of resistance was not obtained, and (2) in the case of Carbotex materials noise was
introduced, which complicated the signal analysis.

In order to overcome these drawbacks, fiberglass layers were inserted between the
layers in order to ensure spatial separation and mechanical stability. In total, three layers
of fiberglass mesh were used – above and below the piezoresistive layers, as well as
between them.

In Fig. 6 and 7 the results for Sample 1 and Sample 2 are presented respectively.
This solution proved to be advantageous for all materials. Resistance of Sample 3

was slightly lower than that of Sample 2: 170–280 � in case of 3,5 J and 70–120 � in
case of 7 J impact. Resistance of Sample 4 was even lower (50 � in case of 3,5 J and
20 � in case of 7 J impactor). As can be seen in Fig. 6 and 7, a clear separation between
two energetic levels of impact is ensured.

3.3 Combining Different Types of Materials

In the last set of experiments, a sensor consisting of two layers of piezoresistivematerials
were tested. The Sample 1 was used in the first layer and, as the second layer, three types
of Carbotex materials were tested: 03-120CF (Sample 2), 03-160CF (Sample 3), and 03-
205CF (Sample 4). The direct combination of the materials did not produce the desired
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Fig. 6. Two layers of Sample 1 separated with
three layers of fiberglass mesh: 3,5J (green)
and 7 J (orange) impactor energy.

Fig. 7. Two layers of Sample 2 separated with
three layers of fiberglass mesh: 3,5 J (green)
and 7 J (orange) impactor energy.

effect, since the overall resistance has decreased and, even in case of the 3,5 J impactor,
it dropped to 30 �.

Since Sample 1 and Sample 2 have demonstrated better performance and, besides
that, the addition of fiberglass layers proved to be advantageous, the final tests have been
performed by combining two layers of Sample 2 with Sample 1 and fiberglass meshes
in such a way: mesh – Sample 2 – mesh – Sample 1 – mesh – Sample 2 – mesh.

The rationale behind adding Sample 1 fabric into the final sensor is based on its dense
knitted structure. Sample 2 has low density, which, in case of higher static loads, has
caused outer conductive traces to be pushed through this material, causing short-circuits
in the sensors.

The results obtained with such a sensor configuration are shown in Fig. 8. Although
it ensures a clear separation between 3,5 J and 7 J impactor energies, the minimum
resistance was 80–110 � in case of lower energy and 50 � in case of higher energy,
which leaves only some room for higher energy impacts. Hence, if the sensor is intended
for use in environments with the risk of impacts that have much higher energy (an order
of magnitude, which is our empirical assumption), other materials or sensing strategies
should be employed, which are touched upon in the next section.

Fig. 8. Two layers of Sample 2 and one layer
of Sample 1 separated with fiberglass meshes:
3,5J (green) and 7J (orange) impactor energy.

Fig. 9. Proprietary knitted fabric: 3,5J (green)
and 7J (orange) impactor energy.
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4 Discussion

As it is described in Sect. 3 and shown in Figs. 4, 5, 6, 7, and 8, the proposed solutions
allow to extend sensors’ range to higher loads. The use of fiberglass mesh separators has
an advantageous effect on the sensors’ operation.While Sample 2 has shown good results
and ability to differentiate impacts that have different energy levels, in the previous tests
it was prone to structural deformations, which led to short-circuits [10]. On the other
hand, Sample 1 has high sensitivity and much denser structure.

The presented solutions allow to increase the range to a certain extent, but other
solutions would be necessary in case of substantially higher impact energies. Some of
the possible solutions can be: (a) use of embroidered traces instead of strips of con-
ductive fabrics – this will decrease the contact surface and the resistance will increase;
(b) analysing adjacent points in an array matrix sensor – by analysing multiple points
one can estimate the force of the impact by taking measurements around the impact
centre; (c) producing proprietary elastomeric piezoresistive materials with a lower load
of conductive particles.

Much higher resistance valueswere obtainedwith a proprietary knitted piezoresistive
fabric [9] (see Fig. 9), which indicates that it could be used for detecting impacts of higher
energy. Although further testing is necessary by applying higher loads, because it did
not show a sufficient differentiation ability with less energetic impacts.

By looking at the obtained data one can notice that different impact energies influence
not only the depth of the curve, but also its slope. Thus, analytical capabilities of the
sensing systemcan be improved by using, e.g., approximation of the first order derivative.
In Fig. 10 a derivative approximation (central finite difference) is presented for the signal
that is shown in Fig. 8.

Fig. 10. Derivative approximation for a sensor with two layers of Sample 2 and one layer of
Sample 1 separated with fiberglass meshes: 3,5 J (green) and 7 J (orange) impactor energy.

5 Conclusion

In this paper several commercially available piezoresistive fabrics are analysed. It is
shown that, by adding reinforcing fiberglass layers, the ability to assess higher energy
impacts can be improved.EeonTexLTT-SLPA(Sample 1) andCarbotex 03-120CF (Sam-
ple 2) have shown a better performance during experiments. Besides that, the operation
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can be improved by combining these fabrics in a single sensor. Additional data process-
ing, e.g., approximation of the first order derivative, can be used to improve operation
of the sensing system. In the case of higher impact energies other solutions should be
sought, such as the use of embroidered threads, a broader 2D data analysis or developing
piezoresistive material with higher resistivity. Further studies will focus on the sensor
behaviour in case of impacts that have substantially higher energy values.

Acknowledgements. This research is funded by theMinistry of Defence project “Graphene-and-
silica-aerogel-enhanced lightweight ballistic protection vest prototype with integrated pressure-
sensitive layer for multi-zone impact detection”, project No. VPP-AIPP-2021/1-0009”.
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Abstract. In this work, we tested the effect of intense UV-A irradiation at 365 nm
on Escherichia coli at different irradiation times. In parallel, after the exposure to
UV-A light, the creation of reactive oxygen species in bacteria using cellular reac-
tive oxygen species detection assay with 2′,7′-dichlorodihydrofluorescein diac-
etate was measured. The first results showed very effective inactivation (5 log10)
of Escherichia coli after 15 min of exposure resulting in a dose of 412 J/cm2, and
subsequent increased production of cellular reactive oxygen species within 1 to 4
h after irradiation.

Keywords: UV-A · inactivation · disinfection · E.coli · ROS · DCFDA

1 Introduction

The last pandemic showed the necessity to develop more tools for the disinfection and
inactivation of human pathogens to be better protected in the future, both in everyday
life and crises. The disinfecting properties of ultraviolet UV-C (200–280 nm) light is
well known, however, mainly mercury low-pressure or medium-pressure lamps with
the main resonance line at 254 nm are used in experiments and equipment [1]. Only
recently other UV wavelengths have begun to be studied more widely, driven mainly by
the development of ultraviolet light-emitting diodes, includingUV-A radiation at 365nm.
UV-A effect on the molecules is yet not fully understood, and often this radiation is used
only as pretreatment, or in combination with UV-C light [2]. One of the mechanisms is
the creation of reactive oxygen species (ROS), that cause cellular damage. Our research
is devoted to the investigation of the influence on the inactivation of bacteria and viruses
with UV light with different spectral compositions.

In this work, we tested intense UV-A radiation at 365 nm with Escherichia coli (E.
coli) for different irradiation times. In parallel, the creation of ROS in bacteria after
irradiation using cellular ROS detection assay was tested to understand if it has an
influence.
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2 Methods

Weused aUV10Wlampemitting light at 365nm in theUV-A region for the experiments.
The lamp spectrum and intensity were measured by the Ocean Optics HR4000+ spec-
trometer. The spectrometer was calibrated using a NIST-traceable reference deuterium–
halogen light source DH-2000 Cal (Ocean Optics Inc.). The irradiance was measured on
a plane of exposure with a cosine corrector that allows the collection of incoming light
from a 180-degree angle. The set-up of the irradiation measurements is shown in Fig. 1.

Fig. 1. The set-up for the irradiation measurements.

The intensity of the UV-A lamp was very high at ~0.46 W/cm2. The dose D of
irradiation was calculated as the intensity I multiplied by the exposure time t and is
expressed in J/cm2:

D = I × t. (1)

The tests for interaction with UV-A light were performed using E. coli bacteria and
2′,7′-dichlorodihydrofluorescein diacetate – DCFDA for ROS detection.

The overnight E.coli (ATCC 25922) cell culture was washed 3 times with phosphate-
buffered saline (PBS) and diluted to obtain optical density (OD) at 600 nm OD600 =
0.1, which corresponds approximately to 1.5 × 108 CFU/ml (CFU – colony forming
units). The culture was diluted further to obtain 1 × 105 CFU/ml. For the irradiation test
40 µL (4 × 103 CFU) of cell suspension was placed dropwise in a sterile 35 mm Petri
dish and immediately irradiated for 1, 3, 5, and 15 min at room temperature.

All tests were prepared in duplicate. After irradiation 20µl of the recovered cell sus-
pension was transferred to themicroplate with 180µL of PBS for preparation of decimal
dilutions. Diluted samples (100 µl) were plated on the Tryptic Soy Agar (Liofilchem,
Italy) plates. The number of colonies (CFU) was counted after 24 h incubation at 37 °C.
The conditions of test effectiveness were judged by preparing an additional sample
with an untreated test culture, which was plated without UV exposure. The value of
antimicrobial activity R (log10 reduction) was calculated according to the following
equation:

R = log10(C0/C), (2)
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where C0 is the average CFU number of the untreated cells after incubation; C is the
average CFU number of cells after irradiation.

For the analysis of ROS generation after irradiation with a UV-A lamp, bacteria were
grown in the Tryptic Soy Broth medium (Liofilchem, Italy) overnight (12–16 h). The
cells were washed three times with PBS before the bacterial suspension with OD600 =
0.1 was prepared (in PBS) and diluted to obtain 1,5 × 107 CFU/ml. The 60 µL cell drop
(9 × 105 CFU) was treated in triplicate with 365 nm light for 15 min corresponding to
a 412 J/cm2 irradiation dose. Then, 50 µL of the bacterial suspension was transferred
to the black clear-bottom 96-well plate and mixed with 5 µL of 250 µM H2DCFDA in
PBS (Cat. No 4091-99-0; Calbiochem). The plate was placed at 37 °C and the fluores-
cence was measured using a fluorimeter Victor3V 1420-040 Multilabel HTS Counter
(PerkinElmer, Waltham, Massachusetts, USA) at 485/535 nm immediately, after 1h,
2h, 3h, and 4h, respectively. Non-irradiated E.coli suspension with/without H2DCFDA
reagent was measured as a control, as well as the H2DCFDA reagent diluted in PBS was
used to control the ROS detection. The background fluorescence signal was subtracted
from the obtained total ROS signal.

Fig.2. Installation of irradiation experiment

Data analysis was performed using Excel and Graph Pad Prism software.
The installation of the irradiation experiment is illustrated in Fig. 2. The samples

were placed at a 4 cm distance from the light source. Drops with E.coli suspension were
irradiated with the UV-A lamp (1–15 min), ensuring the doses were in a range from
27.5 J/cm2 to 412 J/cm2.
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3 Results and Discussion

The results of the irradiation experiment are shown in Fig. 3. After 15 min E.coli were
completely inactivated. The 4 log10 reduction dose was about 342 J/cm2, corresponding
to about 12 min. This dose is much more than required for the inactivation of E.coli with
UV-C light [1]. However, it is obvious that high-intensity UV-A light destroys the cells,
and one must be very careful using intensive UV-A light assuming a non-destructive
nature of it.

Fig. 3. A. Number of E. coli CFU/ml after 1, 3, 5, and 15 min of exposure to UV-A; B. E.coli
inactivation efficiency (CFU log10 reduction) as a function of irradiation dose. Error bars represent
the standard error of the mean (n = 3).

In Fig. 4, the results of ROS production after the irradiation time of 15 min with
ROS-sensitive reagent DCFDA (E.coli + UV) in comparison with an untreated sample
(E.coli - UV) are shown. The inactivation of E. coli after 15 min irradiation (412 J/cm2)
caused ROS formation, which gradually increased in time, having indications that it is
one of the main inactivation mechanisms of bacteria-killing by irradiation with 365 nm
wavelength.
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Fig. 4. ROS measurement in E. coli cells treated (black) and untreated (grey) with UV 365 nm.
Cells were treated or untreated with UV (412 J/cm2, 15 min), then the cells were transferred into
the tube, the fluorescent ROS indicator (DCFDA) was added, and the cells were incubated for
up to 4 h to allow the ROS indicator to be activated. The measurement of fluorescence was done
at 0, 1h, 2h, 3h, and 4h time points of incubation. RFU - relative fluorescence units. Error bars
represent the standard error of the mean (n = 3).

Conclusion
The first results showed effective inactivation (5 log10) ofE.coli after 15min of exposure
to intense UV-A light at 365 nm (~0.46W/cm2), allowing total bacteria elimination. The
increasing cellular ROS production was observed during 1–4 h after irradiation. The
observed increasing ROS generation after exposure to 365 nm light shows that it is the
main factor of cell toxicity at UV-A radiation.

Acknowledgments. The authors acknowledge the State Research Programme of LatviaNo.VPP-
EM-FOTONIKA-2022/1-0001.
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Abstract. Breathing is one of the important physiological processes that can
occur through the nose or the mouth. Namely, frequent breathing through the
mouth can become a bad habit that can cause various difficult-to-cure diseases.
As a result, such a breathing habit should be detected as early as possible to change
or cure it. A device with discrete and real-time feedback might be helpful in the
formation of the right breathing habits.

This paper describes the development of a device for continuous monitor-
ing of the breathing mode that can effectively detect and differentiate between
nasal and mouth breathing, providing valuable information on breathing patterns.
Assessment of the mode is based on the analysis of Hjorth and sample entropy
parameters derived from temperature and acceleration signals. A data registration
protocol was developed and a database of 43 examples in nasal, mouth, and speech
modes was recorded.

The results of this pilot study demonstrate that the device can detect nasal and
mouth breathing cycles for continuous monitoring of breathing mode using NTC
thermistors with amagnetic holder and sample entropy as the parameter. However,
future development is necessary to achieve device miniaturization and algorith-
mic accuracy to discern speech from mouth breathing in long-term continuous
monitoring.

Keywords: Respiration · sensors · temperature · accelerometer · Hjorth
parameters · sample entropy

1 Introduction

Breathing is crucial for life and can occur through the nose or mouth. Habitual mouth
breathing can cause challenging conditions such as halitosis, ear infections, fatigue, and
sleep disturbances. Children are especially vulnerable to negative effects, including den-
tal issues, reduced blood oxygen, attention disorders, hyperactivity, and jawdevelopment
problems, often requiring complex surgical treatment [1]. Mouth breathing also affects
skull formation, leading to structural changes such as narrow upper jaws and protruding
front teeth, while breathing through the nose fosters proper skull growth [2]. A study on
children found a strong correlation between mouth breathing and severe halitosis, with
57.1% of the 35 children studied exhibiting halitosis of grades 3 and 4 [3]. Diagnosing
and treating long-term breathingmode issues requires the use of unobtrusive technology.
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There are several methods suitable for differentiation between breathing through
the mouth and breathing through the nose. In a study by Curran et al. [4], an acoustic
sensor was used to classify nasal and mouth breathing. The study showed that a system
with such sensors can detect the type of breathing with 90% accuracy [4]. However,
the results were not as good when dealing with breath patterns that are mixed. Huang
et al. [5] employed thermography to distinguish between mouth and nose breathing by
analyzing the relative temperature differences in different facial regions during sleep [5].
Another study with favorable results was carried out by Akre et al. [6], where internal
thermistors positioned in the epipharynx, oropharynx, and hypopharynx were used to
differentiate between nasal and oral breathing during sleep. The sensors were placed
deep in the respiratory tract, so it is not comfortable for the user and thus not suitable for
long-term wear. Other less invasive methods such as respiratory plethysmography [7] or
respiratory impedance plethysmography [8] were considered for continuous, long-term
monitoring of breathing rate. However, these methods cannot distinguish between nasal
and mouth breathing.

In order to address the issue of wearability during ambulation, an innovative device
has been developed that includes an external thermistor with a magnetic holder and
a relevant signal-processing algorithm. This device allows for continuous monitoring
of breathing mode and effectively detects and differentiates between nasal and mouth
breathing, providing valuable insights into breathing patterns.

2 Material and Methods

2.1 Device, Acquisition Protocol, and Signals

To monitor the human breathing process and determine whether breathing occurs
through the nose or mouth, a monitoring system comprising multiple sensors capa-
ble of monitoring several main breathing indicators simultaneously is required. Two
NXFT15XH103FA2B140 NTC thermistors from Murata Electronics are used to track
temperature changes in both nostrils. These thermistors are attached to amagnetic holder,
while an MMA7361L XYZ-axis accelerometer from Freescale Semiconductor is used
to record the z-axis acceleration on the human chest. The STM32 NUCLEO-L432KC
development board from STMicroelectronics is used to control the general prototype
device. The device is powered by a 5 Ah power bank, and data are stored on a microSD
card. In addition, an external DS3231 Real-Time Clock module from Analog Devices
Inc./Maxim Integrated is used for real-time recording.

The block diagram and real implementation of the prototype device for continuous
monitoring of breathing mode are shown in Fig. 1.

Data from 5 healthy participants were collected for a biomedical signal database.
The protocol, as shown in Fig. 2, was repeated ten times for 30 min each, resulting in
50 examples per mode. However, due to signal quality issues, only 43 examples were
suitable for analysis. The database includes temperature signals from the right and left
nostrils and a z-axis acceleration signal from neck movements during breathing, all of
which were sampled at 30 Hz.

The illustration of raw signals is shown in Fig. 3.
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Fig. 1. A prototype: a) block diagram; b) implementation.

Mouth breathing 
(1 minute)

Speech             
(1 minute)

Nasal breathing 
(1 minute)

Fig. 2. Data acquisition protocol

Fig. 3. Example of raw data registered with NTC thermistors and acceleration: a) right nostril; b)
left nostril; c) acceleration on the z-axis. Red area – mouth breathing, blue area – speech, green
area – nasal breathing

2.2 Signal Processing Algorithm

The recorded signal processing involves two stages: signal pre-processing and estimation
of signal features (parameters). The signals were pre-processed using a 2nd-order high-
pass (HP) and low-pass (LP) IIR Butterworth filter. The LP filter was used with a lower
cutoff frequency of 0.08 Hz to minimize signal noise and remove baseline wander. On
the other hand, the HP filter was set with a cutoff frequency of 10 Hz to ensure a good
ratio of high-frequency noise rejection and speech detection in the recorded signals. The
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preprocessed signals, displayed in Fig. 4, were then used for the estimation of Hjorth
and sample entropy parameters.

Fig. 4. Filtered NTC thermistors and z-axis acceleration signals: a) left nostril; b) right nostril;
c) z-axis acceleration.

Hjorth parameters are statistical measures commonly used in signal processing capa-
ble to represent signal regularity. They were introduced by Bo Hjorth [9] and are easy to
compute, and suitable for real-time implementation in a microcontroller, making them a
popular choice for analyzing a wide range of signals and applications [10]. In this study,
the Activity,Mobility, andComplexity parameters were investigated to monitor three dif-
ferent conditions during breathing: nasal breathing, mouth breathing, and speech. These
conditions were chosen because of their relevance to respiratory and speech-related
disorders. The first Hjorth parameter, known as Activity, refers to the variance of the
amplitude of the signal y(t). It can be calculated:

Activity(y(t)) = σ2(y(t)) (1)

In addition to Activity, the Mobility parameter is another commonly used measure
in signal processing. It is a measure of the rate at which a signal changes over time and
can provide valuable information about the dynamics of the underlying system:

Mobility(y(t)) =
√
Activity(y′)
Activity(y)

(2)

The thirdHjorth parameter, Complexity, is anothermeasure that can provide valuable
information about the dynamics of the underlying system. It is calculated using formula
(3), which describes the relationship between the Mobility of the time derivative of the
signal y’(t) and the Mobility of the signal y(t) itself [9]:

Complexity(y(t)) = Mobility(y′(t))
Mobility(y(t))

(3)
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The sample entropy [11] parameter was also used to analyze breathing under three
different conditions. Unlike traditional methods that require large amounts of data to
reliably measure complexity, sample entropy was specifically proposed for handling
short and noisy time series data [11]. It’s less sensitive to changes in amplitude and more
focused on the structure within the data. The value ranges from 0 to infinity, with lower
values indicating greater regularity and higher values indicating greater complexity or
randomness. It was hypothesized here that sample entropy is able to discriminate among
nasal, mouth, and speech signals taking into account decreasing regularity of nasal
temperature and accelerometer signals.

The results for various parameters were visually presented and analyzed using violin
plots, which combine the summary statistics of a box plot with the density estimation of
a kernel density plot. To assess normality, the Lilliefors test was employed on the data,
and to evaluate statistical differences between the parameters, a multiple comparison
based on the nonparametric Friedman’s test was utilized.

3 Results and Discussion

The Hjorth activity, mobility, complexity, and sample entropy parameters were anal-
ysed to investigate the statistical difference between the parameters mentioned during
three different modes of breathing, mouth breathing, nasal breathing, and speech. Violin
diagrams illustrating the analyzed parameters are shown in Figs. 5, 6, 7 and 8.

Fig. 5. The violin plots of the left nostril signal Hjorth parameters: a) Activity; b) Mobility; c)
Complexity.

The violin diagrams show that the parameters presented in figures Fig. 5 a), Fig. 6
a), Fig. 8 a), and Fig. 8 b) have the least overlap; therefore, it can be assumed that
these particular parameters are the most suitable for differentiating the mouth, nasal,
and speech breathing modes.

The Lilliefors test has revealed that not all analyzed data groups followed a Gaus-
sian distribution. Only the data groups for the Hjorth Mobility parameter of the left and
right nostrils showed a Gaussian distribution, and therefore ANOVA statistical analy-
sis was performed on these two data groups. For the remaining groups, the Friedman
non-parametric statistical test was used to determine any statistical differences in the
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Fig. 6. The violin plots of the right nostril signal Hjorth parameters: a) Activity; b) Mobility; c)
Complexity.

Fig. 7. The violin plots of the z-axis acceleration signal Hjorth parameters: a) Activity; b)
Mobility; c) Complexity.

Fig. 8. The boxplots of the calculated signals sample entropy: a) left nostril; b) right nostril; c)
z-axis acceleration.

calculated Hjorth and sample entropy parameters among the three different breathing
conditions.

Multiple comparisons were made between the MB-NB, MB-SP, and NB-SP groups,
with a significance level set at 0.01. Table 1 provides a summary of the calculatedp-values
that estimate the statistical differences between the selected groups.
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The results indicate that theHjorthActivity and sample entropy parameters of the left
and right nostril temperature signals exhibit high statistical significance. In contrast, all
parameters derived from the z-axis acceleration signal show little statistical significance,
suggesting that the accelerometer sensor does not provide useful information. These
findings are significant for future device development and sensor selection. For example,
the results suggest that a single magnetic nasal temperature sensor can differentiate
between three different modes of breathing.

Table 1. Calculated p-values between compared groups

Parameter p-values

MB-NB MB-SP NB-SP

Left nostril (Activity) <0.01 <0.01 <0.01

Left nostril (Mobility) <0.01 1 <0.01

Left nostril (Complexity) <0.01 0.995 <0.01

Right nostril (Activity) <0.01 <0.01 <0.01

Right nostril (Mobility) <0.01 1 <0.01

Right nostril (Complexity) <0.01 0.393 <0.01

z-axis acceleration (Activity) 0.200 <0.01 <0.01

z-axis acceleration (Mobility) 1 <0.01 <0.01

z-axis acceleration (Complexity) 1 1 0.706

Left nostril (sample entropy) <0.01 <0.01 <0.01

Right nostril (sample entropy) <0.01 <0.01 <0.01

z-axis acceleration (sample entropy) 0.587 0.156 1

In addition, some of the recorded left and right nostrils temperature signals showed
amplitude differences between the nostrils (see Fig. 4 a), b)). These differences could be
due to breathing problems and the nasal septum. In future tests, information about the
current health conditions of the subjects should be obtained and evaluated.

The study has a few limitations. First, in the pilot study, only a small amount of
data was collected, which can limit the generalizability of the results and may not be
representative of the larger population. Second, the lack of clinical validation in this
study makes it uncertain whether the proposed system can be used effectively to detect
a patient’s long-term breathing patterns. However, this is the first study proposing a
concept system for long-term monitoring of the breathing mode with the potential to be
developed as a useful tool to help patients in changing their habits of breathing mode
from mouth to nose.
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4 Conclusions

Themagnetic nasal sensor provides reliablemonitoring of temperature fluctuations in the
nostrils, and, when combined with the sample entropy and Hjorth Activity parameters,
shows statistically significant differences among nasal and mouth breathing modes, as
well as speech. In the future, to improve the device’s usability, it will be redesigned as a
necklace and tested in diverse populations and contexts. A real-time detection algorithm
would also be useful in providing immediate feedback to the user.
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1 Kaunas University of Technology, Studentu St. 56, 51424 Kaunas, Lithuania
akvile.andziukeviciute-jankuniene@ktu.lt

2 Lithuanian Research Centre for Agriculture and Forestry, Institute of Horticulture,
54333 Babtai, Lithuania

3 INCDTP - Leather and Footwear Research Institute Division, 93 Ion Minulescu St., Sector 3,
031215 Bucharest, Romania

4 Politehnica University of Bucharest, Bucharest, Romania
5 Institute of Horticulture (LatHort), Dobele, Latvia

6 Kaunas University of Technology, Radvilenu St. 19, 51424 Kaunas, Lithuania

Abstract. Wound healing is a complex mechanism that involves different types
of cells to restore damaged skin layers. Therefore, different types of medical
bandages are used. Keratin andMatricaria chamomilla extract based electrospun
medical dressingsmay improvewound healing process due to promotion of differ-
ent types of cells that take act in skin regeneration process. Biosynthesized silver
nanoparticles can upgrade these bandages due to the strong antibacterial activity.
However, the addition of AgNPs to keratin composition may affect electrospin-
ability. The aim of this research is to investigate the possibility to obtain elec-
trospun keratin mats containing biosynthesized silver nanoparticles for medical
applications. Therefore, herbal extract and AgNPs were investigated, their influ-
ence on keratin compositions viscosity, electroconductivity and electrospinability
were evaluated. It was determined that biosyntesized AgNPs improve phenolic
and antioxidant activity, however, they lessen keratin composition viscosity, elec-
troconductivity, and electrospinability. Thus, a more viscous keratin solution for
mats electrospinning should be used.

Keywords: Green synthesized AgNPs · Matricaria chamomilla extract ·
electrospinning

1 Introduction

Skinhealing is a complexprocess that involves the coordinated actionof different types of
cells: keratinocytes migrate and proliferate to cover the wound and form a new epithelial
layer; fibroblasts, which are responsible for synthesizing and depositing new extracel-
lular matrix (ECM) components, such as collagen, elastin, and fibronectin, endothelial
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cells to form new blood vessels, etc. [1]. Improper wound healing may lead to inflam-
mation and scarring, that may increase the time of healing and boost both physical and
psychological problems. Therefore, medical dressings with active additives to accelerate
the recovery of wounds are on demand. Keratin is a structural protein that is found in
many different types of organisms, including humans, fish, and animals. This protein
helps to form a strong, protective barrier over the wound helping to keep out harmful
bacteria and other pathogens, while also helping to retain moisture and promote healing
[2].

Keratin effectiveness forwound healingmay be improvedwith herbal extracts, which
can provide additional benefits – anti-inflammatory, antimicrobial, and antioxidant prop-
erties that may help to reduce inflammation, prevent infection, and protect the skin from
damage, all of which can promote the healing process. [2, 3]. Keratin mats can be
obtained by electrospinning technique that has shown great potential for wound healing
applications for the ability in simple way to engineer nano-microfibers, which canmimic
the extracellular matrix (ECM) of natural tissues and provide a scaffold for cell growth
and tissue regeneration. Electrospun keratin fibers can provide a barrier between the
wound and the external environment, reduce the risk of infection, and promote wound
healing, by promoting cell adhesion and proliferation, regulating inflammatory response,
and enhancing angiogenesis [4].

Effectiveness ofwoundhealing can be improved bymedicinal herbals addition to ker-
atin hydrolysate solution. Chamomile (Matricaria chamomilla L.) is traditionally used
for its anti-inflammatory, anti-microbial, and wound healing properties due to bioactive
compounds such as flavonoids, terpenoids, and phenolic acids [3]. Combining keratin
withMatricaria chamomilla L. (M. chamomilla)may enhance thewound healing process
by providing structural support to the wound bed and reducing inflammation. Studies
have shown that the combination of keratin andM. chamomillamay promote the prolif-
eration of fibroblasts and keratinocytes, which are important cells involved in the wound
healing process [4]. Additionally, the combination of keratin and M. chamomilla may
also enhance the formation of new blood vessels (angiogenesis) and the deposition of
ECM components such as collagen, which are important for tissue regeneration and
remodeling [2–4].

Medical dressings may be improved by incorporation of silver nanoparticles
(AgNPs) due to their antimicrobial, anti-inflammatory, cell proliferation-promoting,
and circulation-improving properties. New innovative methods for AgNPs synthesis
are under investigation. “Green” synthesis of AgNPs refers to the use of environmen-
tally friendly and sustainablemethods. This approach involves using natural compounds,
such as plant extracts to reduce silver ions into nanoparticles without the use of harmful
chemicals or processes. AgNPs biosynthesis is low toxic, cost-effective, scalable, and
sustainable. Additionally, the resulting AgNPs are often more stable and biocompatible,
making them suitable for use in biomedical applications, including wound healing [5].

The goal of this research is to investigate the possibility to obtain electrospun keratin
mats containing biosynthesized silver nanoparticles for medical applications.
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2 Materials and Methods

2.1 Compositions Preparation

Keratin hydrolysate (ICPE, Romania) was prepared by solubilization of sheepskin wool
preliminarily degreased with 8% NaOH rotulis (Lach-Nersro) at 80 °C for 4 h, followed
by filtration [6].

M. chamomilla (Lithuanian university of health sciences, Lithuania) extract was
obtained by grinding of dried herb to powder consistency in 10000 min−1 speed
(“Grindomix GM 200”, Germany). Then 30 g of powder were blended with 600 ml
100 °C water and mixed in magnetic stirrer for 10 min and resulted solutions were
filtered.

“Green” AgNPs prepared by method, described in [7]. 0.03 g of AgNO3 (Merck,
Germany)was dissolved in 2.5ml distilledwater andmixedwith 30ml ofM. chamomilla
aqueous extract under vigorous stirring at room temperature and speed of 400 rpm for
2 h. The mixture was incubated at room temperature for 24 h, and the change in color
from yellowish to brown proved the formation of AgNPs reduced by M. chamomilla
extract (M. cha-AgNPs). After that theM. cha-AgNPs dispersion was stored in darkness
at a 6 °C temperature [7].

The changes of dispersion colour during formation M. cha-AgNPs was evaluated
using spectrometer MiniScap XE Plus (Hunter Associates Laboratory, Inc., USA). The
L*, a* and b* (brightness, red-green and yellow-blue coordinates by CIE L*a*b scale)
parameters were investigated. UV light was applied for 2 min., 12 min., and 24 h.

The average of three measurements as test result were taken [8].
M. cha-AgNPs dispersion change colourwhen exposed toUV light for different dura-

tions (Table 1). Change of colour from red/yellow to green/blue identifies the formation
of Ag nanoparticles.

Table 1. Changes in the color of the AgNPs mediated withM.chamomilla extract

Extract L* a* b* C* h*

M.cha extract 28.75 ± 0.06 8.24 ± 0.04 12.55 ± 0.05 15.01 ± 0.04 56.70 ± 0.21

M.cha-AgNPs after
2 min

32.82 ± 0.06 3.71 ± 0.20 10.33 ± 0.24 10.97 ± 0.16 70.25 ± 1.42

M.cha-AgNPs after
12 min

32.41 ± 0.10 3.40 ± 0.11 9.88 ± 0.18 10.45 ± 0.17 71.00 ± 0.76

M.cha-AgNPs after
24 h

32.51 ± 0.05 2.4 ± 0.39 8.62 ± 0.16 8.96 ± 0.16 74.44 ± 2.81

Colour change observed in herbal extracts upon the addition of green-synthesized
AgNPs may be explained by the interaction between the nanoparticles and the active
compounds in the extract, leading to the phenomenon of surface plasmon resonance,
which occurs when light is absorbed by the AgNPs and then scattered in a particular
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manner due to the collective oscillation of electrons on the surface of the nanoparticles
[9].

Keratin hydrolysate was dissolved in distilled water and mixed with water-based
polyethylene oxide (PEO, C = 10%) solution in a shaker (KS 4000 in control, Ger-
many) at 150 min−1 for 24 h. Keratin composition with concentration of C = 14.5%
was obtained. Before the electrospinning process M.cha-AgNPs were added to keratin
composition (C = 5–15%) and properly mixed.

2.2 Herbal Extract and AgNPs Properties Investigation

Total phenolics content (TPC) was determined using the colorimetric Folin–Ciocalteu
method [10]. To perform the assay, 0.2 ml of M.cha or M.cha-AgNPs was mixed with
1.8 ml double distilled water (DDW) and subsequent vortex mixing (1 min) and ultra-
sonication (5min) at room temperature (22 ± 1 °C). 0.5 ml of the sample extract was
mixed with 2.5 ml of 10-fold diluted Folin–Ciocalteu reagent and 2.0 ml 7.5% Na2CO3
with the subsequent vortex mixing for 1 min. Prepared solutions were left to react for
30 min at room temperature. The absorbance was measured using a UV-1800–Visible
Spectrophotometer SHIMADZU(ShimadzuCorp.,Kyoto, Japan) at 760 nmwavelength.

To evaluate DPPH radical scavenging activity, a 0.15 ml ofM.cha orM.cha-AgNPs
was mixed with 2.85 ml of DPPH–EtOH solution (0.039 g DPPH in 1 l EtOH) and left
to react for 30 min in the dark at 22 ± 1 °C. The absorbance was measured at 517 nm
wavelength (A517) at 0 and 30 min.

Ferric reducing antioxidant power (FRAP) was evaluated by method described by
Radenkovs et al. [11] The FRAP reagent was prepared from 100 ml acetate buffer
(0.3 mol l−1; pH 3.6), 2,4,6-tripyridyl-s-trizine (TPTZ) solution in 10 mmol l−1 of HCl
and FeCl3 (20 mmol l−1). The three solutions were mixed respectively at the ratio of
10:1:1 (v/v/v), and heated at 37 °C. Then, 0.15 ml of biosynthesized AgNPs were mixed
with 2.85 ml FRAP reagent and vortex mixed for 1 min. The resulting absorbance was
measured after 10 min at 593 nm wavelength.

The antibacterial activity was evaluated in vitro using the Agar diffusion test against
Gram-positive (Bacillus cereus, Proteus vulgaris, Staphylococcus aureus and Bacillus
subtilis) and Gram-negative (Klebsiella pneumoniae, Proteus mirabilis, Escherichia coli
and Pseudomonas aeruginosa) bacteria strains. 0.5 McFarland unit density suspension
(~108 CFU/ml) of bacterial strain was inoculated onto the cooled Mueller Hinton Agar
(Oxoid, Basingstoke, UK), using sterile cotton swabs. Wells (Ø= 6 mm) were punched
in the agar and filled with 50 µl of investigated solution. Agar plates were incubated at
37 °C for 24 h and zones of the inhibition were measured and tabulated.

2.3 Keratin Compositions Properties Evaluation

The electrical conductivity of keratin solutions with 5 – 15% of M.cha-AgNPs was
identified (Table 2) by the “HQ40d Portable pH, Conductivity, Dissolved Oxygen, ORP,
and ISE Multi-Parameter Meter”, measurements were taken at room temperature (23 ±
1) °C.
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Table 2. Keratin and AgNPs mediated withM.chamomilla composition’ viscosity

Composition Keratin Keratin + 5%
M.cha-AgNPs

Keratin + 10%
M.cha-AgNPs

Keratin + 15%
M.cha-AgNPs

Viscosity 168.8 168,4 131,7 118,4

Electroconductivity 12.95 12.98 12.99 12.54

The viscosity of the mixtures was determined using the “SMART SERIES ROTA-
TIONAL Viscometer” (Fungilab, USA) device. Measurements were taken at room
temperature (23 ± 1 °C), solutions temperature –20 ± 1 °C.

2.4 Nonwoven Material Preparation and Investigation

Electrospun micro/nanofiber mats were formed using electrospinning machine
“NanospiderTM” (Elmarco, Check Republic) equipped with rotating spinneret (dis-
tance between electrodes 150 mm) at ambient conditions. The operating voltage was
65 kV. Electrospinning duration 10 min.

The structure of micro/nanofibers were analyzed by scanning electron micro-
scope S-3400N (SEM). The diameter distribution was obtained by analyzing 100
nano-microfibers from SEM images by Nis-Elements D 4.50.00 (Nikon) software.

3 Results and Discussion

Chamomile is known to contain various phenolic compounds, which may contribute
to its potential health benefits via antiradical activity. Figure 1 shows the antioxidant
capacity ofM.cha andM.cha-AgNPs. It was determined thatM.cha is rich in TPC (3.09
CGA mg‧ml−1). Furthermore, this extract shows high antioxidant activity evaluated
by FRAP assay. M.cha-AgNPs were found to possess better TPC values (up to 27%),
free radical scavenging (up to 11.7%) and slight increase of FRAP value (up to 3.9%).

Fig. 1. M.cha and M.cha-AgNPs antioxidant capacity
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Identified TPC, DPPH and FRAP values inM.cha extract go in line with the studies
[3, 12–14]. Furthermore, an increase of DPPH and FRAP values in green synthesized
M. cha-AgNPs can be seen. Free radical scavenging improvement may appear due to
additional OH- and COOH- groups capped from other bioactive derivatives in plant
extracts [15]. Moreover, Salari et al. suggested that the higher antioxidant activity of the
silver nanoparticles may be due to their smaller size and increased surface area compared
to the plant extract [15].

M.cha extract containinghydroxyl and carbonyl functional groups can also contribute
to the antibacterial activity of the nanoparticles by interacting with the bacterial cell
membrane, leading to its disruption and ultimately the death of the bacteria [16]. Figure 2
demonstrates M.cha and M.cha-AgNPs antibacterial activity.

Fig. 2. Antimicrobial activity of M. cha ir M.cha-AgNPs (1 – S. aureus; 2 – ß- streptococcus;
3 – S. epidermidis; 4 – E. coli; 5 – K. pneumoniae; 6 – P. aeruginosa; 7 – P. vulgaris; 8 – B. cereus;
9 – E. faecalis; 10 – C. albicans)

M.cha extract shows slight antibacterial activity against Gram-positive bacteria,
while no effect is observed on Gram-negative bacteria strains. M.cha-AgNPs exhibits
significantly stronger antimicrobial resistance both to Gram-positive and Gram-negative
bacteria.

Keratin compositions modified with AgNPs were investigated.
Electrical conductivity and viscosity are key factors for electrospun nano-microfibers

quality. A very high viscosity solution may result in clogging of the needle or spinneret
used for electrospinning. This can lead to inconsistent fiber diameter and poor fiber
quality [5].

Small amount (c = 5%) of M.cha-AgNPs addition to keratin-polymer solution
slightly diminished solution viscosity (Table 2). 10–15% of M.cha-AgNPs reduced
solution viscosity from 28% (at c = 10%) to 43% (at c = 15%).
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Fig. 3. SEM images of electrospun mats

The addition of 5–10% of green synthesized AgNPs marginally reduced electrocon-
ductivity of solution (Table 2). 15% of silver nanoparticles diminished composition’s
conductivity down to 3.5%.

Electrospun nano-microfibers morphology depends on polymer nature, viscosity,
electroconductivity and additive type as well. Figure 3 presents electrospun nano-
microfibers SEM images. It is seen that produced fibers are unoriented, inhomogenic,
stuck together and have drop-shaped defects (Fig. 3). M.cha-AgNps amount increase
led to thinner and more even fibers.

Fig. 4. Polymer composition influence on micro/nanofibers diameter distribution
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Keratin compositions micro-nanofibers’ diameters vary from 100 nm to 800 nm,
when most of them has diameter in the range of 300–500 nm (Fig. 4).

By adding M.cha-AgNPs dispersion electrospun nano-microfibers become thinner
(44% of them are up to 300 nm at c = 5% and 73% of them are up to 400 nm
when c = 10%). This result can be explained by change of viscosity, slight increase
of electroconductivity, polymer and interaction between components [17].

4 Conclusions

Both Matricaria chamomilla extract and biosynthesized AgNPs using Matricaria
chamomilla extract are rich in phenolic and antioxidant compounds. AgNPs show higher
antioxidant activity due to their smaller size and increased surface area compared to the
plant extract.

While 5–10% of biosynthesised AgNPs have no significant effect on themorphology
of the nonwoven material, higher amount (c = 15%) of additives significantly reduce
the viscosity of the composition and make it unsuitable for the electrospinning.

Acknowledgements. This work was supported by the Research Council of Lithuania [grant
number P-SV-22-73] and by the European Regional Development Fund [grant number 01.2.2-
MITA-K-702-10-0004].

References

1. Komi, D.E.A., Khomtchouk, K., Santa Maria, P.L.: A review of the contribution of mast cells
in wound healing: Involved molecular and cellular mechanisms. Clin. Rev. Allergy Immunol.
58, 298–312 (2020)

2. Konop,M., Rybka,M., Drapała, A.: Keratin biomaterials in skin wound healing, an old player
in modern medicine: A mini review. Pharmaceutics 13(12), 2029 (2021)

3. El Joumaa, M.M., Borjac, J.M.: Matricaria chamomilla: A valuable insight into recent
advances in medicinal uses and pharmacological activities. Phytochem. Rev. 1–28 (2022)

4. Baseri, S.: Ecological dyeing of cotton fabric with Matricaria recutita L. in the presence of
human hair keratins as an alternative copartner to metallic mordants. Sustain. Mater. Technol.
32, e00405 (2022)

5. Xu, L., et al.: Silver nanoparticles: Synthesis,medical applications and biosafety. Theranostics
10(20), 8996 (2020)

6. Rapa, M., et al.: New nanofibers based on protein by-products with bioactive potential for
tissue engineering. Materials 13(14), 3149 (2020)
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Abstract. Iron-oxide based magnetic nanoparticles are used as contrast agents
in magnetic resonance imaging and as magnetically induced heat generators in
magnetic hyperthermia which is a non-invasive cancer treatment method based
on delivering nanoparticles to the tumor site. Then, applying alternating magnetic
fields generated by specifically designed coils to heat up nanoparticles, thereby
killing and/or sensitizing cancer cells to other forms of cancer therapy. Efficiency
is measured by heat generation capabilities of nanoparticles under minimum coil
power. Therein, measuring temperature rises is more suitable rather than the gen-
erated heat. However, nanoparticles’ temperature changes are both directly and
indirectly effected by many environmental factors, impeding an accurate perfor-
mance testing. Therefore, evaluations through generated heat, instead of particle
temperature should provide more accurate data on system performance. In this
work, a single Fe3O4 nanoparticle is electromagnetically heated by a 12.6 mT
150 kHz field for 60 min at COMSOL Multiphysics. Time average of total heat
generation by a single nanoparticle was found to be 2.43× 10−41 Wm3. Fe3O4 is
preferred due to its great electromagnetic characteristic andwidespread use in drug
formula Ferumoxytol. Small size of the nanoparticles creates a significant mesh-
ing challenge in numerical simulations, resulting in unfeasible computation times
when usingmultiple particles. Accordingly, single particle simulation results were
used to theoretically calculate heat generation capacity of 1 ml of Ferumoxytol as
2.62 × 10−18 Wm3. Combining simulations with theoretical calculations proved
to be effective in creating a basis for future studies towards; minimizing total
simulation time, computer power and optimizing input waveforms for magnetic
hyperthermia systems.

Keywords: fem · simulation · modelling · magnetic · nanoparticle · radio ·
frequency · heat · hyperthermia

1 Introduction

Magnetic nanoparticles (MNP) are ultra fine particles which are used as part of diagnos-
tic and therapeutic systems [1, 2] such as contrast agents in magnetic resonance imaging
(MRI) and as magnetically induced heat generators in magnetic hyperthermia (MH)
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which is a non-invasive cancer treatment method based on delivering magnetic nanopar-
ticles to the tumor site prior to applying alternating magnetic fields (AMF) in the range
of 80–400 kHz; thereby killing cancer cells through magnetically induced heat [3]. Due
to their metal-based structure,MNPs are classified as inorganicmaterials and they can be
used as heating nano-mediators. They are zero-dimensional particles; meaning that their
size in any direction is less than 100 nm [4]. The size and shape not only effect their abil-
ity to travel in human body but also effect their magnetic properties. Hence, all of these
parameters play a huge role in effectiveness of a MNP in MH therapy. Iron oxides and
ferrites which are classified as magnetic metal oxide nanoparticles are best candidates
for use in MH therapy thanks to their superior biocompatibility and magnetic properties.
Out of iron oxides and ferrites, due to presence of Fe2+ and Fe3+ cations in valence states
of the inverse spinal structure; iron (II, III) oxide (Fe3O4) is widely considered to be the
best choice [5, 6]. Efficiency of such particles in MH studies is measured through their
magnetically induced heat generation capabilities under minimum coil power [7]. Since
it is not practical to track generated heat, temperature rises are tracked instead. However,
temperature changes are both directly and indirectly effected by many environmental
factors [8], impeding an accurate performance testing. Therefore, evaluations through
generated heat, instead of particle temperature should provide more accurate data on
system performance. Therein finite element method (FEM) analysis plays an important
role in mathematical modeling of physical systems [9]. Nevertheless, relatively small
size of the nanoparticles within the modeled environment creates a significant meshing
challenge in numerical simulations, resulting in either convergence problems or unfea-
sible computation times. In a scenario with a single small sized particle, a work around
exists. On the other hand, a multiple particle scenario is much more complicated. This
study describes relations between complex theories underlying themagnetically induced
heat generation mechanisms of MNPs and fundamentals of magnetism, subsequently
focusing on steps to structuralize an accurate FEM simulation of a single MNP’s heat
generation by sticking to fundamentals of magnetism and heat transfer. Finally com-
bining simulation results with theoretical calculations to minimize both required total
simulation time and computer power.

2 Theory

In bulk form, iron oxides are paramagnetic materials, therefore posses’ weak magnetic
properties. This is due to chaotic alignment of bulk iron oxides’ multiple magnetic
domains (see Fig. 1(a) and (b)). Conversely, iron oxide particles with the size less than
100 nm in all directions are made up of single magnetic domains which yield enhanced
magnetic properties under specific conditions and are classified as superparamagnetic
particles (see Fig. 1(c) and (d)) [10, 11].

For superparamagnetic particles, magnetically induced heat generation mechanism
is affected by two physical phenomena; Néel relaxation (see Fig. 2(a)) and Brownian
relaxation (see Fig. 2(b)) [12]. In Nèel relaxations, particles try to align themselves with
magnetic field lines through magnetic orientation changes which results in magnetic
losses. In Brownian relaxations, particles try to align themselves with magnetic field
lines through physical rotations which results in frictional losses [13, 14].
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Fig. 1. Alignment of magnetic domains for multi domain paramagnetic materials (a) in the
absence of magnetic field B and (b) under magnetic field B; ; for single domain superparamagnetic
particles (c) in the absence of magnetic field B and (d) under magnetic field B.

Fig. 2. (a) Mechanism of Nèel relaxation; magnetic orientation change and (b) mechanism of
Brownian relaxation; physical rotation both under magnetic field B.

In a study [10], 3 separate theories; equilibrium functions, Stoner–Wohlfarth model-
based theories, and linear response theory (LRT) were evaluated and compared with
simulations to describe themechanism ofmagnetically induced heat generation in super-
paramagnetic particles. For AMFs with low frequencies, LRT proved to be efficient in
calculating magnetically induced heat generation [10]. In this study, low radio frequency
(RF) AMFs have been utilized. Magnetically induced heat generation of a MNP is mod-
elled regarding LRT using FEM simulations. In LRT, total affect is called effective
relaxation time (τ ) and can be calculated as

1

τ
= 1

τN
+ 1

τB
. (1)

In (1); τN is the Nèel relaxation time and τB is the Brownian relaxation time. Nèel
relaxation and Brownian relaxation are bounded by (2) and (3), respectively. In (2); τ0
is the attempt frequency, K is the magnetic anisotropy, VM is the energy density, kB is
the Boltzmann constant and T is the temperature. KVM product is the height of energy
barrier, which is the minimum amount of magnetic energy required to demagnetize a
superparamagnetic particle and kBT product is the total thermal energy of the system
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[10, 11, 15].

τN = τ0e

(
KVM
kBT

)
(2)

In (3); η is the viscosity of the liquid carrier and VH is the hydrodynamic volume of
the particle [10, 11, 15].

τB = 3ηVH

kBT
(3)

Fundamental information regarding parameters effecting Nèel relaxation and Brow-
nian relaxation excludes further investigation of (2) and (3). Effective relaxation time
directly influences magnetic behavior of a material through complex susceptibility (χ̃)
(4). In (4), χ0 is the static susceptibility and ω is the angular frequency of the applied
AMF. Imaginary part (i) of the equation is bounded by angular frequency and effective
relaxation time [10, 11, 15].

∼
χ= χ0

1

1 + iωτ
(4)

LRT states that a magnetic system responds linearly with the magnetic field [10].
(5) describes this linear relationship.

M (t) =∼
χ H (t) (5)

In (5),M (t) is the magnetization through time andH (t) is the magnetic field strength
through time. Complex susceptibility directly effects particle magnetization (5) and is
bounded by angular frequency of the applied AMF and the effective relaxation time
(4). As previously mentioned, MNPs yield enhanced magnetic properties under specific
conditions, due to dynamic hysteresis loop of superparamagnetic particles [10]. If the
multiplication of angular frequency of the applied AMF with effective relaxation time is
smaller than 1; similar to paramagnetic particles, there can be no considerable delay in
the relaxation of themagneticmoment [10, 11]. Hence, required demagnetization energy
is the same as magnetization energy which does not result in heat loss (see Fig. 3) [11].

ωτ < 1, (6)

if the multiplication of angular frequency of the applied AMF with effective relax-
ation time is larger than 1 (7), a considerable delay in the relaxation of the magnetic
moment occurs due to increased coercivity which results in requirement of more energy
than magnetization energy to demagnetize the particle (ferromagnetic regime). This
results in relaxation losses, thereby the system outputs energy in the form of heat (see
Fig. 3) [10, 11].

ωτ > 1 (7)

This normally undesirable heat loss forms the essence of MH therapy [3]. Total heat
loss is equal to green area (A) enclosed by solid lines in magnetic field strength versus
magnetization plot (see Fig. 3) [16];

A =
∫ +Hmax

−Hmax

μ0M (H )dH (8)
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In (8);μ0 is themagnetic permeability of free space,M (H ) is themagnetization over
magnetic field strength, dH is the differential of magnetic field strength. Negative and
positivemaximum limits of the integral are bounded by−Hmax and+Hmax, respectively.
Maintaining the condition in (7) is essential to trigger the desired magnetic loss (see
Fig. 3) for a highly effective and efficient MH therapy. The LRT model is bounded by
fundamentals of magnetism. Therefore, fundamentals of magnetism can be utilized to
structuralize a basic FEM analysis to model the heat produced during MH therapy.

Fig. 3. Simplified plot showing relationship between the magnetic field strength (H ) and magne-
tization (M ) of a superparamagnetic particle. Dashed line shows the paramagnetic regime for the
condition ωτ < 1. Solid lines show the ferromagnetic regime (hysteresis loop) for the condition
ωτ > 1. Integration of the green area enclosed by solid lines gives the total heat loss.

3 Methods and Materials

COMSOLMultiphysics 5.5 (COMSOL Inc., USA) has been used for FEM simulations.
COMSOL Multiphysics 5.5 is very effective especially in scenarios where modeling of
multi-physical phenomena or coupling different physics is required [17]. Whole study
has been performed in 3-dimensional (3D) space. Electromagnetic Waves Frequency
Domain and Heat Transfer in Solids physics have been coupled in a one-way coupling
mode for Electromagnetic Heating multi-physics calculations. First, modelling geome-
tries have been generated using primitive shape options; sphere, block, point and plane
geometries. A 14-turn coil geometry with a 22.45 mm radius and 103 mm length has
been designed with square wires instead of rounded wires. Primary reason for choosing
square wires is to avoid the exponential increase of meshing complexity caused by small
rounded geometries such as rounded wires. Since COMSOL Multiphysics 5.5 lacked
advanced tools needed to design complex geometries with ease; the coil geometry has
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been designed in Fusion 360 (Autodesk, USA) and then imported to COMSOL Multi-
physics 5.5 environment and positioned at the center of the coordinate system. Then, a
square with 30 nm diameter have been built and positioned at the center of the coil as the
MNP. 2 different size spheres have been built to reduce the complexity of the meshing
process. Material properties are assigned to geometries automatically regarding selected
physics which for this study are as follows; relative magnetic permeability, relative per-
mittivity, electrical conductivity, heat capacity at constant pressure, density and thermal
conductivity. To model the magnetic loss of the MNP, relative magnetic permeability
property can be used in complex form. Since;

χ̃ = μ′
r − iμ′′

r − 1, (9)

wherein μr ′ is the real part and iμ′′
r is the imaginary part of the relative magnetic

permeability. Equation (5) can be rewritten as;

M (t) = (
μ′
r − iμ′′

r − 1
)
H (t) (10)

Material properties for all geometries have been numerically determined across well
established data found in scientific literature. Although properties of Fe3O4 have been
assigned to MNP; imaginary part of the complex magnetic permeability value could not
be found which is essential in modelling of magnetic loss. Therefore, only the real part
has been determined across data and the imaginary part has been determined as 65-i20
through reverse engineering process. Multiple simulations have been run to observe the
magnetically induced heat output of the Fe3O4 and the relative magnetic permeability
values of the most efficient simulation run have been adopted. User controlled meshing
has been utilized; maximum and minimum mesh element sizes for each geometry have
been determined based on experience to avoid any meshing problems. The coil has been
fed with 150 kHz (Ferromagnetic regime as in (7), 45 A peak to peak current for 60
min straight. Frequency Domain and Time Dependent studies have been performed to
calculate magnetic flux density and heat generation parameters for each mesh element
of the 3D space, respectively. Magnetic flux density data have been visualized across a
3D color map (see Fig. 4(a)) and time versus heat generation graph (see Fig. 4(b)) has
been plotted for further examination.

To theoretically calculate the total heat generation capacity (QTotal) of a single injec-
tion of Ferumoxytol (1 ml) which contains 30 mg of elemental iron, (11) has been
utilized.

QTotal =
(
QSingleFe3O4

3

)
×

(
mTotalFe

mAtomicFe

)
(11)

In (11), QSingleFe3O4 is the heat generated by a single Fe3O4 particle. mTotalFe is the
mass of total elemental iron and mAtomicFe is the atomic mass of iron. Since QSingleFe3O4

consists 3 Fe atoms, it is divided by 3 for correct energy output calculations. 11 evenly
distributed data points regarding momentary heat production by a single Fe3O4 particle
have been averaged to attainQSingleFe3O4 . Atomic mass of an iron particle (9.2732796×
10−23 g) is also known from scientific literature.
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Fig. 4. (a) In COMSOL Multiphysics 5.5, rainbow color map is the magnetic flux density and
black arrows are vector field of magnetic effect on YZ plane. (b)Magnetically inducedmomentary
heat production of a single Fe3O4 nanoparticle for a duration of 60 min.

4 Results and Discussion

Coil design simulated through FEM produced a maximum of 12.6 mT magnetic flux
density on a Fe3O4 particle. Time average of total heat generation by a single Fe3O4 was
found to be 2.43 × 10−41 Wm3. Single particle simulation results were used to theoret-
ically calculate heat generation capacity of a single injection (1 ml) of Ferumoxytol as
2.62 × 10−18 Wm3. Combining simulation results of a single particle with theoretical
calculations proved to be effective in creating a basis for future studies towards min-
imizing both required total simulation time and computer power and also optimizing
input waveforms for alternating magnetic fields. Practical studies must be performed to
measure imaginary magnetic permeability value of superparamagnetic Fe3O4 particles.
Assigning measured imaginary magnetic permeability values to Fe3O4 particle in this
model will surely increase accuracy of the structured simulation model.
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Abstract. Frailty is considered one of the most important challenges of the aging
population and it is characterized by a decline in physiological reserve and vulnera-
bility to internal and external stressors. Cardiac autonomic imbalance, as reflected
by heart rate response measures, may contribute to frailty worsening, which in
turn may decrease the capacity to maintain homeostasis when exposed to physical
stressors.One approach to improve frailty assessment is themonitoring of the heart
rate response to physical stressors unobtrusively using wearables. However, there
is a lack of algorithms for detecting physical stressors in wearable-based biosig-
nals obtained from frail adults. Accordingly, the paper proposes and explores a
derivative dynamic time-warping-based algorithm to distinguish between walking
and stair-climbing, which are the most common physical activities among adults
with frailty. The performance of the proposed algorithmwas studied on biosignals
acquired from 86 patients with frailty who had undergone cardiac rehabilitation
after open-heart surgery. The best performance is achieved using the acceleration
signal of the vertical axis, resulting in a sensitivity of 84.2% and 81.6%, a positive
predictive value of 82.1% and 83.8% for detecting walking and stair-climbing,
respectively. Identification of walking and stair-climbing in daily activities opens
the possibility to assess the heart rate response to detected physical stressors.

Keywords: Dynamic time warping · Sensors · Accelerometer · Walking ·
Stair-climbing

1 Introduction

Frailty is one of the most essential healthcare challenges of the aging population and it
is characterized by a decline in physiological reserve and vulnerability to internal and
external stressors [1]. Cardiac autonomic imbalance, as reflected by heart rate response
measures, may contribute to frailty worsening, which in turn may decrease the capac-
ity to maintain homeostasis when exposed to physical stressors [2]. Existing tools for
frailty assessment are based on indexes and questionnaires and do not involve heart rate
response. Meanwhile, clinical methods, such as veloergometry, require special equip-
ment and are too demanding for severely frail adults. One approach to improve frailty
assessment is themonitoring of the heart rate response to physical stressors unobtrusively
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using wearables [3]. However, to apply this approach, it is crucial to know both the inten-
sity and type of physical activity. Currently, there is a lack of algorithms for detecting
physical stressors in wearable-based biosignals obtained from adults with frailty.

Advances in wearable technology have opened the possibility to distinguish between
different physical activity types, even when performed in activities of daily living [4].
However, the proposed algorithms for the detection of physical activities have not yet
been tested on elderly frail adults who have distinctive movement patterns. Frail adults
are more likely to have uneven and asymmetrical movement which may reduce the
reliability of the algorithms developed for use in healthy populations.

To account for the variability in physical activity patterns, introduced by theweakness
and slowness of frail adults, this study presents the derivative dynamic time warping-
based algorithm for detecting daily physical stressors in adults with frailty. The per-
formance of the algorithm was explored on walking and stair-climbing given that these
activities are common in daily living and are often feasible even for adults with advanced
frailty.

2 Methods

2.1 Study Population

The patients after open-heart surgery, who performed cardiac rehabilitation at Kulautuva
Rehabilitation Hospital of Kaunas Clinics (Kulautuva, Lithuania), participated in the
study. The inclusion criteria were age ≥ 65 years, a score on the Edmonton Frail Scale
(EFS) ≥ 4 at admittance to the rehabilitation hospital, and a 6-min walk distance ≥
150 m. The study cohort consists of 86 participants (29 females) assigned to groups of
non-frail/vulnerable and frail, based on the EFS, see Table 1.

Table 1. Participant characteristics in the groups of non-frail/vulnerable (EFS < 6 points) and
frail (EFS ≥ 6 points). Certain parameter values are given as mean (range).

Non-frail/vulnerable Frail

Number of participants (females) 35 (12) 51 (17)

Age, years 71.7 (65–83) 73.8 (65–87)

Body mass index, kg/m2 27.2 (19.9–41.0) 27.4 (18.7–41.8)

EFS 4.47 (3–5) 7.14 (6–10)

The study was approved by the Kaunas Regional Biomedical Research Ethics Com-
mittee (approval number BE-2-99). Signed written consent to participate in the study
was obtained from all subjects. The study was conducted following the ethical principles
of theDeclaration of Helsinki (64thWMAGeneral Assembly, Fortaleza, Brazil, October
2013). Personal information was removed from the collected data to ensure participant
anonymity.
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2.2 Data Acquisition

A textile strap Polar H10 (Polar Electro OY, Kempele, Finland), placed below the chest,
was used to acquire triaxial acceleration signals at a sampling rate of 200 Hz. A custom-
made software, based on a software development kit provided by Polar, was installed
on a Samsung Galaxy A21s smartphone and further used for transferring data from the
wearable device to a storage server. The participants carried the smartphone in the holder
wrapped around the upper arm.

Acceleration signals were recorded during clinical walking and stair-climbing tests
that were conducted at various intervals throughout a monitoring session lasting 2–4 h.
During the walk test, participants had to walk in a straight path for a 6-min, whereas,
during stair-climbing, they had to climb one flight of stairs. The onset and the end of
each activity were set manually by a healthcare specialist. The tests were performed
before and after inpatient cardiac rehabilitation. A part of the signal database is freely
available at Physionet [5].

2.3 Templates of Physical Activity

Acceleration signals were filtered using 3rd order Butterworth lowpass filter with a cut-
off frequency of 15 Hz. The duration of walking was 6 min, whereas climbing one flight
of stairs took from 10 to 20 s depending on the participant’s functional status. Therefore,
the analysis time interval was set to 10 s to cover both activities and was extracted from
the middle of each activity in case the activity lasted longer. The extracted intervals were
further used to manually detect three individual strides in the magnitude vector of the
acceleration signal. Then, the strides were resampled to 200 samples and averaged to
create a representative activity for each participant. Finally, the templates forwalking and
stair-climbing were created by averaging the representative activities of all participants.
To explore the effect of the choice of the acceleration axes on the detection performance,
the templates were found for the anterior-posterior, mediolateral, and vertical axes, as
well as for the magnitude vector.

2.4 Derivative Dynamic Time Warping-Based Algorithm

To distinguish between walking and stair-climbing, a derivative dynamic time warping
was appliedwhich nonlinearly assesses a similarity between two time series, i.e., a signal
under analysis and a template [6].

The similarity is assessed by finding the optimal warping path from the signal X to
the template Y. Minimal distance wi,j is found by matching xi samples to the samples yj
of template time series as visualized in Fig. 1 (a). The optimal distanceW∗ of the signal
under analysis to the template is found by minimizing the path from (x0,y0) to (xN ,yN ),
as shown in Fig. 1 (b):

W ∗ = argmin
W ∈ W

DW (X ,Y ), (1)

where DW is the function that represents the distances of each of the possible warping
paths W.
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The optimal distance of the signal under analysis is calculated for both walking and
stair-climbing templates. The signal under analysis is classified as either walking or
stair-climbing, depending on which activity resulted in a lower W∗ value.

Fig. 1. Template matching using a derivative dynamic time warping: a) alignment of a signal
under analysis (solid line) with the template (dashed line), and b) optimal alignment path.

Figure 2 illustrates the calculated distance for each participant during walking and
stair-climbing using the acceleration signal of a vertical axis.

Fig. 2. The distance of the signal under analysis from templates for walking Ww, and stair-
climbing Ws. Crossed dots represent incorrectly classified physical activity.

2.5 Performance Measures

Detection performance was investigated in terms of sensitivity (Se), positive predictive
value (PPV ), and accuracy (ACC). Sensitivity is the ratio of the total number of a
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particular physical stressor correctly detected and the total number of that stressor,
whereas a positive predictive value is the ratio between the number of the correctly
detected particular stressor to the total number of that stressor detected including false
positive detections. Accuracy refers to the ratio of correctly detected stressors to the total
number of both stressors.

3 Results

The performance of a derivative dynamic time warping-based algorithm for acceleration
signals of anterior-posterior, mediolateral, and vertical axes, as well as for the magnitude
vector of acceleration is given in Table 2. The best overall performance is achieved using
acceleration signal of the vertical axis, resulting in Se of 84.2% and PPV of 82.1% for
detecting walking and Se of 81.6% and PPV of 83.8% for detecting stair-climbing.

Table 2. The performance of a derivative dynamic time warping-based algorithm.

Walking Stair-climbing

Se, % PPV, % Se, % PPV, % ACC, %

Anterior-posterior 95.1 69.5 57.9 93.6 76.9

Mediolateral 75.0 68.7 65.8 72.5 70.4

Vertical 84.2 82.1 81.6 83.8 82.9

Magnitude vector 97.4 65.5 46.7 94.9 73.0

Table 3 presents the performance for the groups of frail (EFS < 6 points) and
vulnerable/non-frail (EFS ≥ 6 points) participants using an acceleration signal of a
vertical axis. The results show that the algorithm is more sensitive (Se = 86.9%) when
detecting walking in frail adults compared to stair-climbing (Se = 79.1%). The opposite
tendency is observed for a vulnerable/non-frail group.

Table 3. The performance in the groups of different frailty statuses.

Walking Stair-climbing

Se, % PPV, % Se, % PPV, % ACC, %

Frail 86.9 81.6 79.1 85.0 82.5

Vulnerable/non-frail 80.0 82.8 84.9 82.4 83.2

4 Discussion

This study explored the feasibility of detecting physical stressors in adults with frailty
which is a challenging issue due to the weakness and slowness of these persons resulting
in an inconsistent speed and intensity of physical activities. The proposed derivative
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dynamic time warping-based algorithm allows to mitigate the influence of inconsistent
movements by aligning acceleration signals nonlinearly. The ability to detect physical
stressors, such as walking and stair-climbing, in daily living, opens the possibility to
provide additional measures about the physiological reserve of frail adults. For example,
heart rate recovery expressed as heart rate decrease in 2-min after walking has been
considered a useful supplement for the clinical walk test [7]. We previously showed that
the estimation of heart rate recovery after stair-climbing using a wearable device is also
feasible [8].

Previous studies indicate that people with frailty have increased fatigue and a higher
risk of falling. These findings explain additional issues associated with the detection of
physical stressors in adultswith frailty.Walking, and especiallymore physically demand-
ing activities such as stair-climbing, tend to be less consistent, often with slowdowns
and stops. Additionally, pain in the lower extremities or torso can induce asymmetry of
consecutive steps, which further complicates the detection of physical stressors in accel-
eration signals [9]. These peculiarities hinder the performance of template-matching
methods that rely on a correlation between the signal under analysis and the template.

The limitation of this study is that only two types of activities were considered for
detection. The main motivation for choosing walking and stair-climbing was that these
are common in daily living, including for most adults with frailty. It was observed that
18% of frail adults were unable to walk one bus-stop distance (50 m) and climb one
flight of stairs [10]. However, considering the application of the proposed algorithm
in daily life, accounting for alternative activity types, such as riding a bicycle, will
be necessary. Another limitation is that the physical stressors analyzed were manually
extracted, indicating the need for future studies to assess the performance of the proposed
algorithm using the entire set of acceleration signals obtained during daily living.

5 Conclusions

The derivative dynamic time warping-based algorithm was proposed to detect walking
and stair-climbing in wearable-based biosignals. Identification of physical stressors in
daily activities opens the possibility to assess the heart rate response to detected stressors.
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Abstract. In order to improve the efficiency of the methods of multicellular
objects cryopreservation in the presented work it is proposed to use the method
of numerical modeling of the processes that occur during their freezing and affect
their viability. It has been proven that the theoretically determined exposure time
of spheroids, derived from L929 cells, in 1M DMSO is 10 times less compared
to the standard protocol and decreases with increasing temperature. It was estab-
lished that decreasing the temperature of 1MDMSO cryoprotectant solution from
25 to 10 °C significantly affects the permeability coefficients for water and DMSO
molecules into spheroids and their activation energy. It has been proven that the
use of theoretically calculated mode leads to an increase in the number of viable
spheroids and to a decrease in the number of spheroids with signs of apoptosis
compared to standard modes. The permeability and exposure time characteristics,
obtained in the work on the basis of theoretical calculations, prove the expediency
of taking them into account during cryopreservation process in order to improve
the quality of thawed spheroids.

Keywords: Physical and Mathematical Model · Cryopreservation ·
3D-cultivation · L929 Cells

1 Introduction

In order to reproduce in vivo conditions, the attention of researchers has recently been
focused onmulticellular objects (aggregates, organoids, spheroids) [1–5]. The accumula-
tion of the necessary stock and the expansion of the spectrum of the use of multicellular
objects as test systems before the clinical approval of drugs requires the creation of
biobanks and effective methods of their cryopreservation. Currently there are protocols
for obtaining the spheroids from almost all organs of different species origin, but they do
not have a thorough cryobiological approach for determining an effective protocol for
their cryopreservation. Dehydration and saturation of biological objects with cryoprotec-
tants are one of themost important processes at the cooling stage during cryopreservation
of any biological object [6, 7]. The permeability coefficients of the plasma membrane
of cells in the composition of spheroids for water and cryoprotectant calculated in this
researchmake it possible to find out the probability of intracellular crystallization, which
is a decisive condition for cell survival/death during cooling.
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We aimed to determine the optimal cryopreservation protocols for spheroids at dif-
ferent temperatures of the cryoprotectant solution based on physical and mathematical
modeling.

2 Materials and Methods

Studies were performed on spheroids obtained under antiadhesive conditions from cells
of L929 line on day 7 of cultivation [8]. The L929 cell line (culture of mouse fibroblasts)
was kindly provided by D.K. Zabolotny Institute of Microbiology and Virology of the
NAS of Ukraine (Kyiv, Ukraine). Cells were cultured in DMEM/F12 nutrient medium
(Biowest, France) supplemented with 10% fetal bovine serum (Biowest, France), 200
U/mL benzylpenicillin (Arterium, Ukraine) and 200 µg/mL streptomycin (Arterium,
Ukraine), in a humidified incubator with 5% CO2 at 37 °C.

Changes in the volume of spheroids over time in toto were evaluated in 1M DMSO
(at temperatures of 10, 15, 25 °C) according to the method [7]. To calculate the exposure
time, mass transfer processes, and penetration coefficients of water and cryoprotectant
DMSO molecules into spheroids at cryoprotective solution temperatures of 10, 15, and
25 °C, a physical and mathematical model was used [7]. To determine the cell volume,
Petri dish with individual cells or spheroids was thermostated LSM 510META confocal
microscope table (Carl Zeiss, Germany). A solution of 1M DMSO in physiological
saline at a temperature of 10, 15, 25 °C was added to the samples. Changes in time of
the volume of spheroids or attached to the culture surface during their dehydration in
1M cryoprotectant solution and recovery at the stage of penetration of cryoprotectant
into cells were studied. Changes in the hourly volume of spheroids in toto, attached
to the cultural surface in the process of aquaculture in the 1st range of cryoprotectant
and reintroduced at the stage of penetration of the cryoprotectant into cells according
to the formula V = V(t)/V0, (de V(t) - about ‘m cells at time t, V0 - output volume).
Morphometric analysis was performed using the “AxioVision Rel. 4.6” software (Carl
Zeiss, Germany). Permeability coefficientswere determined in single cells and spheroids
with a diameter of 80–100 µm after their attachment under adhesive conditions during
the day. The volumetric method was used to determine the permeability coefficients of
plasma membranes of L929 cells to water molecules (Lp) and DMSO (CPA) and the
eff ective values of similar parameters for spheroids from these cells [7, 8]. A sphere
approximated the shape of the cells.

The standard mode of spheroids cryopreservation was used as a control [9]. Fluo-
rescent dyes (DNA dyes Hoechst 33342 and propidium iodide (PI)) were used to assess
viability and apoptosis in spheroid cells. The level of cytoplasmic cytochrome C was
determined as described in studies [8]. Morphometric studies were carried out using a
confocalmicroscope “AxioObserverZ1” (CarlZeiss,Germany)with the use of computer
program “AxioVision Rel. 4.6” (Carl Zeiss, Germany).

Statistical results were processed using the non-parametric Mann-Whitney test in
Statgraphics plus for Windows 2.1 (“Manugistics Inc.”, USA). All the experiments
were repeated 10 times. The results are expressed as mean ± SEM (standard error of
the mean). Differences at p < 0.05 were considered significant.
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3 Results

By changing the volume of spheroids over time after adding 1MDMSO at different tem-
peratures (10, 15, and 25 °C) in 1MDMSO cryosolution (Fig. 1A), the optimal spheroid
exposure time was determined (Fig. 1B). The optimal exposure time was considered the
time required to restore the spheroid volume to its original values after the addition of
1M DMSO (Fig. 1A). Figure 1B shows that decreasing the cryosolution temperature
from 25 to 10 °C led to an increase in the exposure time of spheroids by 1.5 times. When
comparing the theoretically determined in the work exposure time of spheroids at dif-
ferent temperatures with the standard protocol, significant differences were established.
Thus, the theoretically calculated exposure time for spheroids at temperatures of 25, 15,
and 10 °C was 14, 12, and 9 times shorter respectively compared to the standard mode
(600 s) [9].

On the basis of theoretical calculations, the permeability coefficients of water and
DMSO molecules into spheroids were determined and their significant decrease with
a reduction of temperature from 25 to 10 °C was proved. Thus, the values of the per-
meability coefficients for water and DMSO molecules at temperatures of 10 and 15 °C
decreased by 2 and 1.5 times and 2.8 and 1.4 respectively compared to the temperature
of 25 °C (Fig. 2).
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Fig. 1. A - Dynamics of changes in the volume of spheroids on day 7 of cultivation in 1MDMSO
solution at temperatures of 10, 15, and 25ºC; B - Optimal exposure time of spheroids required to
restore the volume to initial values at temperatures of 10, 15, and 25ºC. a – the differences are
statistically significant in comparison with the temperature of 25ºC (p < 0.05).

The study of the energy consumption of the permeable substance transfer processes
through cellmembranes, in particular cryoprotectant andwatermolecules, was evaluated
by the activation energy values. It was established that when the temperature decreased
within the range of 10–15 °C, the energy consumption for the penetration of DMSO
molecules into the spheroids increased by 2.4 and 8.1 times compared to the temperature
ranges of 10–25 °C and 15–25 °C respectively (Fig. 3).
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Fig. 2. Permeability coefficients for water (Lp× 1014, m3/N·s) and DMSOmolecules (kp× 107,
m/s) into spheroids in toto on day 7 of cultivation after incubation in cryoprotective medium at
temperatures of 10, 15, and 25 ºC; A - for water molecules; B - for DMSO molecules; a – the
differences are statistically significant compared to the temperature of 10 °C (p < 0,05); b – the
differences are statistically significant compared to the temperature of 15 °C (p < 0,05).
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Fig. 3. Activation energy of DMSO molecules penetration (Kp) into spheroids on day 7 of cul-
tivation at different temperature intervals: A – for water molecules, B – for DMSO molecules;
a – the differences are statistically significant compared to the temperature range of 10–15 °C
(p < 0,05); b – the differences are statistically significant compared to the temperature range of
10–25 °C (p < 0,05).

Using the obtained values of permeability coefficients in the physical and mathemat-
ical model, the degree of spheroids dehydration was predicted. This model describes the
kinetics of changes in the relative volume of cells during extracellular crystallization at
a certain cooling rate [7]. This made it possible to theoretically determine the optimal
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cooling rate of spheroids and the final temperature of their freezing before immersion
in liquid nitrogen (–196 °C). Thus, for spheroids on day 7 of cultivation, the optimal
freezing program includes 65 s of exposure time at the temperature of 10 °C, cooling at
a rate of 2 °C/min to –80 °C, followed by immersion into liquid nitrogen.

The effectiveness of the modes determined based on physical and mathematical
modeling was confirmed experimentally. The viability of thawed spheroids (the number
of Hoechst positive cells with a homogeneous structure of nucleus) was 2.1 times higher
compared to the standard mode, which involved 600 s of exposure in cryoprotective
solution, cooling at a rate of 2 °C/min to−80 °C followed by immersion in liquid nitrogen
(Fig. 4A). Signs of the activation of apoptotic processes significantly decreased after
using the theoretically determined mode: the number of cells with nuclear fragmentation
at the early and late stages of apoptosis and cytochromeCpositive cells in the composition
of the thawed spheroids was 17.20± 1.85% and 10.38± 2.36%, respectively compared
to the standard mode of 36.80 ± 2.03% and 40.42 ± 1.67% respectively (Fig. 4B).

Fig. 4. Cell viability of thawed spheroids according to indicators of disordered membrane per-
meability (A) and appearance of cytoplasmic cytochrome C (B) after using experimental and
standard cryopreservation modes. a, b – differences are significant (p< 0.05) in comparison with
the corresponding values of the standard mode.
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In this way, we have proven that the cryosolution temperature has a signifi-
cant influence on the permeability indicators, which we believe strongly affect the
cryopreservation process.

4 Discussion

Understanding the processes of permeability and mass transfer of compounds into bio-
logical objects and the influence of cryosolution temperature on these processes is a
necessary component for determining optimal protocols for their cryopreservation. The
results presented in the work indicate an ambiguous effect of the cryoprotectant solution
temperature on the permeability coefficients and mass transfer processes for water and
DMSO molecules into the spheroids. Such discrepancies may be the result of differ-
ent penetration mechanisms and molecular weights of studied compounds. Diffusion of
water and DMSO molecules into spheroids can be influenced by the amount and com-
position of the extracellular matrix that is synthesized during spheroids formation. The
study found that the exposure time of spheroids in cryoprotective medium at different
temperatures is 10 times shorter compared to the known conditions (600 s) of spheroid
cryopreservation. The reduction of exposure time in the cryoprotective medium, i.e. a
reduction in the toxic effect of DMSO significantly increases the safety of biological
material, as was demonstrated in a previous work [10] and in the present work. We
assume that a 10-fold decrease in the contact time of spheroids with 1M DMSO led
to a significant decrease in the number of spheroid’s cells with signs of activation of
apoptosis and necrosis.

Thus, the results of the study, prove the expediency of using a physical andmathemat-
ical model in cell engineering for determining effective protocols for cryopreservation
of multicellular objects with different cell composition and cultivation conditions.

5 Conclusions

1. It was established that when the temperature of the cryoprotectant solution decreases
from 25 to 10 °C, the permeability coefficients for water and DMSO molecules into
the spheroids significantly decrease and the energy consumption of their penetration
increases significantly.

2. It has been proven that the exposure time of spheroids in the cryoprotective solution
increases with decreasing in temperature from 25 to 10 °C and significantly differs
from the values of the standard protocol.

3. After cryopreservation of spheroids according to the theoretically determined mode,
the number of viable cells increased significantly while the number of cells with the
signs of apoptosis decreased significantly compared to the standard mode.

Acknowledgements. We would like to express our gratitude to our colleagues, Kovalenko I.F.
and Gordiyenko O.I., for their assistance in the physical and mathematical calculations of the
penetration processes of DMSO and water molecules into the spheroids.
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Abstract. Nowadays stroke remains the second-leading cause of death and the
third-leading cause of death and disability combined [1]. In almost all cases post-
stroke patients will need rehabilitation under physiotherapist guidelines to handle
motor disorders [2]. The role of the physiotherapist includes provision of feed-
back to the patient to prevent the formation of incorrect movement habits. The
alternative approach to provide such feedback, especially for at-home exercises,
is based on the use of the smart garment that integrates textile pressure and stretch
sensors. To realize this approach a prototype of DAid (Double Aid) leggings sys-
tem for post-stroke rehabilitation exercises on the lower extremities and a data
processing method has been developed. An original method for determining the
reference ranges (RR) of exercises for the lower extremities used in post-stroke
rehabilitation was proposed, and the corresponding RRs were determined. The
classification rules, enabling both the real-time detection of errors of the indi-
vidual motion of lower extremities during execution of post stroke exercises, as
well as estimation of the performance of the entire series, were formulated. The
effectiveness of the proposed classification method was demonstrated in a series
of test exercises, by comparison of the classification, made using the developed
system, with estimation, made by qualified expert - physiotherapist. Depending
on the type of exercises, the developed system discovered from 84% to 100% of
the errors, identified by the physiotherapist.

Keywords: Stroke · post stroke patients · rehabilitation exercises · smart textile

1 Introduction

Stroke remains the second-leading cause of death and the third-leading cause of death
and disability combined (as expressed by disability-adjusted life-years lost - DALYs) in
theworld [1]. After such of disease person can get complications like paralysis, weakness
of one or both sides of the body, difficulties with movements control, thinking, attention,
learning, memory, and many other things that makes life more complicated. In almost
all cases post-stroke patients will need rehabilitation under physiotherapist guidelines
to handle motor disorders [2].
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In recent years, the studies of possibilities to applywearable technologies for applica-
tions in personalized and clinical healthcare have been widespread [3]. The information
on motor functions provided by body posture/movement monitoring sensors gives pos-
sibility to develop effective feedback systems, which boost the motivation of patient’s
activity during rehabilitation procedures [4] as well as can help doctors tomonitor recov-
ery process. Garment with embedded sensors as a part of clothing (Smart garment) is
one of widely used wearable solutions for body posture/movement tracking and rehabil-
itation [5]. The most of proposed smart garment systems are inertial measurement unit
(IMU) based [6]. However, in our previous research [7] we demonstrated that developed
smart garment system (DAid Shirt) with fully textile strain sensors [8] can be a conve-
nient device for shoulder girdle motion monitoring during advanced motor tasks and in
clinical conditions was proven its efficacy for training and rehabilitation of patients with
subacromial pain syndrome.

In present study we hypostatize that the same approach can be used for evaluation
of correctness execution of post stroke rehabilitation exercises oriented on improvement
of patient concentration and coordination skills, by tracking uncontrolled movements
of lower extremities. On the present stage of research, the rehabilitation exercises were
performed by heathy volunteers which tried to execute exercises correctly as well as
simulated typical errors and uncontrolled movements performed by post stroke patients.

2 Materials and Methods

Piezoresistive strain sensors we have used to develop DAid leggings are very soft, plain
and have high sensitivity to even small deformations [8]. Due to these properties the
applied sensors are highly efficient for evaluation of tiny uncontrolled movements or
movement deviations, as shown in previous studies [7, 9].

2.1 Rehabilitation Exercises

On the advice of a physiotherapist, three main exercises for the lower extremities were
chosen:

The first is leg abduction and adduction in hip joint with foot dorsiflexion (Fig. 1a.).
The rule of correctness is that exercise is performed while the foot is in perpendicular
position relative to the floor. If the foot rotates, exercise is performed incorrectly (see
Fig. 1a.).

The second: patient lying on the back raises straight leg until it reaches bent leg level
and then lowers it, feet are in dorsiflexion position. Rule of correctness is that during
exercise working leg does not bend in knee joint (see Fig. 1b.).

The third: patient lying on the back with both legs knees in flexion position performs
one leg abduction and adductionwith the knee in flexion position. The rule of correctness
for this exercise is to save immobility of non-working leg (see Fig. 1c.).

The main goal of all these exercises is to keep static position of a certain region of the
body. These exercises are based on concentration and body parts control improvement.
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Fig. 1. Exercises visualization: a - the first, b - the second and c - the third exercise.

2.2 DAid Leggings Design

Smart leggings consists of two main parts: textile part – tight elastic leggings with
attached knitted strain sensors [8] and data acquisition module [4]. Based on preliminary
analysis of body biomechanics during execution of chosen exercises it was hypothesized
that it is possible to evaluate quality of exercise performance using three sensors with
specific placement. The sensor’s placement was defined as follows (see Fig. 2a.):

– for exercise1 “Lying on the back leg abduction/adduction in hip joint with foot dorsi-
flexion” sensor 1 starts at vastus lateralis bottom part, goes in upper direction through
rectus femoris and ends at vastus medialis upper part;

– for exercise 2 “Lying on the back, knees in flexion position, one leg abduc-
tion/adduction in hip joint with knee in flexion position” sensor goes through upper
lateral part of thigh;

– for exercise 3 “Lying on the back leg flexion and extension with feet dorsiflexion”
sensor is positioned in knee joint popliteal region.

Defined zones of sensors placement were transferred and marked on leggings where
corresponding sensors were attached (Fig. 2b.). Sensors were connected with acquisition
module by conductive pathways made by sewing operation using silver coated nylon
yarn Shieldex® 110/2 and snap buttons. Acquisition module provided data transfer via
Bluetooth to the laptop for further data processing and feedback.

2.3 Research Methodology

On the present stage of research only healthy volunteers were recruited for the study:
in total 7 volunteers (2 female and 5 male). Participated volunteers met the following
criteria: they had similar constitution and age (21± 2 years old), therewere no observable
movement or other health disorders, there were no congenital pathologies, no previous
lower extremity injuries.

Each participant executed 4 exercise options duringwhich signal from corresponding
sensor was acquired.
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Fr Back

Fig. 2. Sensor’s placement: a-anatomical position, b-leggings with embedded sensors and sewn
conductive pathways for sensors connection with acquisition module.

The first option: exercise execution under physiotherapist supervision and control:
during exercise performance physiotherapist could physically or verbally correct move-
ments of performer. If during an exercise execution the physiotherapist didn’t observe
any errors, the signal record was marked as a record with correct performance of the
exercise. Otherwise, the record was marked as an incorrect performance of the exercise.

The second option: exercise performance with real time feedback from laptop screen
using specially developed software. This software shows as feedback the line generated
as a result of processing of data harvested from corresponding sensor on the leggings.
Using this line performer could follow up his/her correctness of performance. If the
line is straight then exercise was performed correctly, but if peaks were observed - the
exercise was executed with errors. Observation of peaks on the line means movements
of monitored anatomical area, and therefore incorrect exercise execution. The physio-
therapist didn’t correct or assist performer: he only observed exercise performance and
marked time moments when errors were noted. If during exercise execution errors were
not observed, signal record was marked as record with correct performance.

The third option: independent execution of exercise, without any feedback or
assistance. Only registration by physiotherapist time moments when errors were
observed.

The fourth option: volunteers executed exercises with specially predefined errors
shown to them by physiotherapist as mostly common errors performed by real post
stroke patients.

Exercises were executed by volunteers on both legs. In this study, recordings for
right and left legs were analyzed as separate cases. The potential correlation between
data from right and left leg was not studied.

2.4 Data Processing

Analysis of recorded data showed high levels of noise in sensor raw signal records (see
Fig. 3a.). To reduce high frequency noise level a median filter with sliding window was
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used. Numerical tests showed that median filter with window width more than 30 points
can essentially reduce the informativeness of a sensor signal otherwise narrow window
(less than 30 points) doesn’t effectively reduce the level of high frequency noise. Thus,
median filter with 30-point width sliding window was used for pre-processing of raw
signals. Filtered dataset denoted asM(i) is shown on Fig. 3b.

Fig. 3. Stages of signal processing: a- raw signal, b-signal after noise filtration, c-signal after
detrending, d-final normalized signal.

One can see that filtered data have some trend which can be explained by textile part
relaxation and some its sliding relatively exercise performer’s skin. So, detrending of
filtered signal was made according to the following expression:

Di = Mi − Ai (1)

where Mi – i-th signal value after application of median filter, i – point number,

Ai = Mi + Mi+1 + Mi+2 + . . . + Mi+N

N
i (2)

where Ai trend data value obtained by application of averaging filter, N - width of
window of averaging filter. Numerical tests showed that N is equal to 200 - point sliding
windowof averaging filter provide the successful signal detrendingwithout loss of useful
information (see Fig. 3c.).

To provide possibility to compare signals from different volunteers detrended signal
normalisation was used. Calculation of normalized data values was made according to
the expression:

N (i) = Di

Av
+ 1 (3)

where, Av – average value of first 100 signal points after application of median filter.
These first 100 data points had been recorded while volunteer lying motionlessly in a
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start position before each exercise execution. Such expedient gives possibility to define
sensor data baseline which was used for data normalization. Normalized signal, as a
result of data processing procedure, is presented on Fig. 3d.

Normalized signalwas used in present research as “exercise line” (EL) formonitoring
of exercise execution as well as for definition of threshold values of EL fluctuation range
to estimate correctness of exercise performance.

2.5 Threshold Definition

Figure 4 Shows an example of ELs, obtained while one of volunteers performed all 4
options of exercise 2. It can be seen that data variation range differs for the options and is
much wider for the case of imitation of incorrect performance (Fig. 4d.). The variability
of the EL waveform could become a good measure of the correctness of the exercise.
To estimate variability of EL recording numerically, we propose to use relative number
of outliers – data points that fall out of pre-determined allowed range.

Fig. 4. Examples of “exercise lines” a – option 1, b-option 2, c-option 3, d-option 4.

This measurand is convenient for the classification of motions as correct or incorrect.
One could demand, for example, that EL waveform of the correct performance should
entirely lay within the allowed range. Thus, the EL that falls out of the range, will be
classified as incorrect. To set the boundaries of the allowed range, that could provide
most accurate classification for each exercise and execution option, the relative number
of outliersNc was calculated as function of the threshold valuesX, that define the allowed
range as [1-X; 1 + X]. The value of x was within range 0.01 ≤ |X| ≤ 0.04, the relative
number of outliers was calculated as proportion of the total number of recorded values.
The calculations were made for every patient, the regularities Nc(X) varied between
patients. The outline, that envelopes family of all patients’ Nc(X), was constructed for
each exercise.
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Figure 5a demonstrates as an example the constructed outlines for exercise 1, option
4. The dark red outline corresponds to the data that belongs to incorrect movement sim-
ulation. Other outlines are for exercises, performed without simulated errors: blue lined
outline area corresponds to exercise execution with DAid feedback, grey one to inde-
pendent execution, and orange one to execution under supervision of physical therapist.
The outlines may be used to select threshold value. For example, demanding that correct
EL, obtained under supervision of the therapist, will not have more than 1.3% points
outside of the threshold, the threshold value should be selected equal to |X| = 0.015.
Note, that for performance with simulated errors, the minimal amount of outliers will
be approximately 10%. The threshold values, defined in such a way, were |X| = 0.015
for exercises 1 and 3, and |X| = 0.012 for exercise 2.

Fig. 5. Threshold definition a - Exercise “Lying on the back leg abduction/adduction in hip
joint with foot dorsiflexion”, all volunteers recorded signals are used, 4 exercise options: area
with dark red borders – exercise performance with specially generated errors, area with orange
borders – exercise performance under physiotherapist supervision, area with blue borders – exer-
cise performance with real time feedback from leggings, area with grey borders – independent
execution of exercise, b - validation exercise processed record and defined threshold.

3 Results

To validate system functionality, correctness of applied data processing procedures and
threshold definition 3 volunteers were invited. Option 3 of exercise execution was per-
formed: execution without any feedback or assistance with parallel registration by phys-
iotherapist time moments when he/she observed incorrect performance. Collected data
were processed and obtained threshold was applied to define DAid legging system’s ver-
sion of incorrectly performed exercises. An example of processed records with threshold
lines is shown in Fig. 5b. The graph shows peaks at 34 and 54 s, which exceed the thresh-
old. The same execution errors were noticed by the physiotherapist. The results of error
detection using DAid leggings and error detection by a physiotherapist are summarized
in Table 1.
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Table 1. Validation results.

Exercise Number of
errors noticed
by the
physiotherapist

Number of
errors noticed
by system that
matched with
physiotherapist
noticed errors

Number of
errors that were
noticed by
physiotherapist
but not noticed
by system

Number of
errors
additionally
noticed by
system, that
were not
noticed by
physiotherapist

The total
number of
repetitions
performed in
the exercise

No. 1 19 16 3 13 120

No. 2 8 8 0 5 90

No. 3 10 9 1 8 108

Total 37 33 4 26 318

4 Discussion

The present studywas devoted to the development of prototype of smart leggings tomon-
itor correctness of execution of post stroke rehabilitation exercises for lower extremities.
Monitoring is based on registration of even tiny undesirable movements by highly sensi-
tive knitted piezoresistive sensors [8] embedded into elastic leggings during performance
of defined exercises.

System testing using 4 different options of 3 exercises performance gave possibility
to develop procedure of data processing and to define threshold values which provide
possibility to monitor correctness of exercise performance.

System validation, performed by comparing the execution errors detected by the
system and noticed by the physiotherapist, has demonstrated its effectiveness. Table 1
showed the results of validation tests. The developed system noticed most of the same
errors as the physiotherapist, with the exception of 3 errors in the 1st exercise and
one mistake in exercise 3. The reason of errors missing by system in 1st exercise was
poorly developed quadriceps muscle of one of volunteers (noted by a physiotherapist)
and accordingly insufficient tightness of leggings and preload of sensor. The latter is
necessary for sensor proper functioning and means that smart leggings must fit the
exerciser. In case of 3rd exercise data analysis showed that signal value was at threshold
level and accordingly was not flagged as an error, but physiotherapist noted a small
error. At the same time, the system detected several threshold exceedances that were
flagged as exercise errors but were not seen as exercise errors by the physiotherapist.
The analysis of the records gave us the possibility to assume that the physiotherapist
missed these errors due to their repetition within a short period of time (1–2 s). But
this hypothesis needs to be tested in further studies. In present research we assumed
all observations of physiotherapist as correct. In accordance with this, graphs of ROC
curves were constructed to assess the influence of the selected threshold values on the
reliability of error detection. Graphs are presented in Fig. 6.
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a b c

Fig. 6. ROC curves for a- exercise 1, b- exercise 2, c- exercise 3.

The red dots on the curves correspond to chosen threshold values. A good to excellent
ratio between the rates of false positive and true positive results is observed for the 2nd
and 3rd exercises and satisfactory for the 1st. This confirms the correct functioning of
the DAid legging system and its applicability for monitoring rehabilitation exercises of
the lower extremities.

The current study has several weaknesses. The first is the recruitment of healthy
volunteers instead of real patients, which can significantly affect the repeatability and
complexity of the data. The second is to invite only one physiotherapist as an objective
alternative in order to notice errors in the performance of exercises, because due to the
human factor, he could also make a mistake or miss some errors during the verification
tests.

5 Conclusions

DAid leggings system based of textile strain sensors for monitoring of rehabilitation
exercises for lower extremities is designed and tested on healthy volunteers. Procedures
of data processing and threshold definition are developed and validated. Validation tests
showed that the systemgives reliable information about quality of exercises performance,
correctly define errors of exercise execution (from 84 to 100% of errors were determined
during validation tests). Such positive results give the possibility to continue research in
clinical conditions involving real patients.
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4. Okss, A., Kataševs, A., Bernans, E., Aboliņš, V.: A Comparison of the Accuracy of the Smart
SockSystem toForcePlatformandOptical System forMeasurement ofTemporal Parameters of
Locomotion. In: IOP Conference Series: Materials Science and Engineering, vol 254, pp. 1–6.
IOP Publishing, United Kingdom, Bristol (2017)



Smart Textile in Post Stroke Patient Rehabilitation Exercises Evaluation 103

5. Kai-Yu Tong, R.T.: Wearable Technology in Medicine and Health Care. Academic Press,
Cambridge (2018)

6. Wang, Q., Markopoulos, P., Yu, B., Chen, W., Timmermans, A.: Interactive wearable systems
for upper body rehabilitation: a systematic review. J. Neuroeng. Rehabil. 14(1), 20 (2017)

7. Semjonova, G., Vetra, J., Oks, A., Katashev, A.: Development of a New Method to Moni-
tor Shoulder Girdle Motion for Ballerina with Shoulder Impingement Syndrome Based on
DAid Smart Shirt Application. In: Lhotska, L., Sukupova, L., Lacković, I., Ibbott, G.S. (eds.)
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Abstract. The shoulder rehabilitation challenge faced by athletes participating in
sports is characterized by the high risk of overuse injury. Conventional rehabilita-
tion methods for shoulder conditions such as subacromial pain syndrome (SAPS)
may not always be effective for athletes who require more targeted and personal-
ized rehabilitation [1]. The DAid smart shirt prototype offers a promising solution
to address this issue by providing real-time feedback on movement patterns dur-
ing physiotherapy, leading to more effective and personalized treatment [2]. This
study aimed to investigate the effect of the DAid smart shirt-based feedback on
the self-reported DASH (the Disability of Arm, Shoulder, and Hand or DASH)
scores during physiotherapy in patients with subacromial pain syndrome who par-
ticipate in sports, characterized by a high risk for overuse injury. A randomized
controlled trial was performed where patients with subacromial pain syndrome
had to perform the assigned training exercises while using the DAid smart shirt
system. The results showed that the self-reported improvement in DASH scores
after the 8-week treatment statistically significantly (p < 0.001) differs between
the treatment and control groups. The study concludes that the use of the DAid
smart shirt-based feedback for the physiotherapy of subacromial pain syndrome
in patients, participating in high-risk for overuse injury sports, provides a better
self-reported improvement, as compared to the conventional methods.
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1 Introduction

Subacromial pain syndrome (SAPS) is a common condition that affects the shoulder and
can cause significant discomfort and disability [3]. Athletes participating in high-risk for
overuse injury sports such as overhead sports (basketball, swimming, and volleyball) [4]
are more prone to developing shoulder pathologies such as SAPS [5]. Personalized reha-
bilitation and patient-reported outcomes (PROs) are a crucial part of the management of
SAPS for athletes participating in high-risk overuse injury sports [6]. Conventional reha-
bilitation methods for shoulder conditions such as SAPSmay not always be effective for
athletes who require more targeted and personalized rehabilitation [2, 4]. And strategies
for monitoring shoulder-specific load in overhead athletes call for the development of
new technologies, especially at the first stages of shoulder rehabilitation when low-load
exercises should be performed [4]. To ensure the correct position of upper extremity train-
ing exercises, the use of smart technology in SAPS rehabilitation for more personalized
shoulder rehabilitation has been introduced in recent years, for example, Timmermans
et al. used sensors on the arm and torso during training for stroke patients [7], for ensur-
ing the correct execution of the task. Beursgens et al. developed a vest for monitoring
the patient’s posture while playing a game during arm-hand rehabilitation [8]. However,
these garments are very loose, and the sensor placement is only approximate. Recently
developed DAid smart shirt due to high sensitivity [9] can detect the smallest move-
ments [10] and has shown promising results for recommended integrated approaches of
scapular kinematics and rotator cuff strengthening simultaneously during physiotherapy
due to its possibility to monitor and provide real-time feedback on movement patterns
for shoulder blade during shoulder muscle strengthening exercises [2, 4]. But still little
is known about the impact of the DAid smart shirt application in personalized shoulder
rehabilitation on PROs for patients with SAPS participating in high-risk overuse injury
sports. This study aims to investigate the impact of the DAid smart shirt-based feedback
on the patient self-reported DASH (the Disability of Arm, Shoulder, and Hand) scores
during physiotherapy in patients with subacromial pain syndrome who participate in
sports, characterized by a high risk for overuse injury. The hypothesis is that for patients
with subacromial pain syndrome who participate in sports, characterized by a high risk
for overuse injury, the physiotherapeutic interventionwith the use of theDAid smart shirt
prototype as objective feedback, will obtain not worse self-reported outcome measure-
ment results compared with patients with subacromial pain syndrome who participate
in sports, characterized by a low risk for overuse injury.

2 Materials and Methods

2.1 Study Design

A randomized controlled trial with a parallel allocation using a 1:1 ratio (experimen-
tal group versus control group) was conducted at Orto Clinic (Riga, Latvia), which
specializes in traumatology, orthopedics, and rehabilitation of athletes. Participants in
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the experimental smart shirt group and control group were divided into two subgroups
characterized by a qualitative variable:

a. low risk for an overuse injury sports [1, 4]: floorball, table tennis, Nordic walking,
track, and field athletics (running).

b. high risk for an overuse injury in sports [1, 4]: basketball, swimming, and volleyball.

The studywas conducted from January 2019 to January 2020.Amore comprehensive
description of the randomization process and the study is presented in [2]. The study was
conducted following the Declaration of Helsinki and the study protocol was approved
by the Ethics Committee of Riga Stradins University (6–3/39, 27.12.2018).

2.2 Intervention

In the first physiotherapy examination and functional evaluation session, all study par-
ticipants were required to complete a DASH questionnaire’s three modules: Disabil-
ity/symptom module, Sports module, and Work module. Patient history was collected,
and an 8-week session schedule was established for the practical part of the study. Fol-
lowing evidence-based recommendations [11–13], the individual training plan covered
8weeks, with 2 sessions per week (24–72 h intervals) in the presence of a physiotherapist
for 30 min.

The intervention was divided into three stages:

1) The initial stage of training therapy lasted the first 4 weeks. Low load movement
control tasks were performed, where the shoulder girdle motion was controlled while
performing shoulder joint flexion, and abduction tasks in the frontal, sagittal, and scapular
planes [6, 14, 15]. In each plane, the patients performed at their own pace 10 movements
in 3 sets with a 1-min break between them [16].
2) Basic stage of training therapy included tailored for each strength and shoulder stabi-
lization tasks specific to the shoulder girdle [6, 15]. The basic principles of the ACSM’s
Guidelines for Exercise Testing and Prescription [16] were used for individual task pro-
gression. The tasks were performed under the supervision of a physiotherapist and a
DAid smart shirt.
3) Final stage of training therapy
In the last physiotherapy session, study participants were required to complete a DASH
questionnaire’s three modules as well as functional clinical tests more comprehensively
described in [2].

2.3 DAid Smart Shirt Application in Physiotherapy Sessions

In addition to the training therapy intervention described previously, throughout the
intervention period – of 8 weeks – the DAid smart shirt prototype was used for tasks
that had to monitor the stability of the shoulder girdle and the quality of movement
performance (see Fig. 1.). During the first visit, the patients, who were included in
the experimental group, were instructed on the use of the smart shirt prototype during
the exercises. The DAid smart shirt was turned on and a laptop was positioned at a
comfortable height and position in front of the patients. The real-time reading from both
sensors was provided to the patient in the form of a linear graph on the computer screen
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and the participant was instructed to perform each exercise while actively trying to keep
the line as close to the zero point as possible. A more comprehensive description of the
DAid smart shirt prototype is presented in [2.10].

Fig.1. Patient with the DAid smart shirt in clinical settings doing unilateral exercise for rotator
cuff simultaneously with shoulder girdle motion control.

2.4 Patient-Reported Outcome Measure

Patient-reported outcomes (PROs) such as DASH (the Disability of Arm, Shoulder,
and Hand or DASH) are commonly used to evaluate the effectiveness of personalized
shoulder rehabilitation interventions [4, 6]. Upper limb disability was assessed by the
patient’s self-reported DASH questionnaire, which consists of 30 questions in the dis-
ability/symptom module, 4 questions in the work module, and 4 questions in the sports
module. Answers are given on a Likert scale of 1 (no symptoms) and 5 (maximum symp-
tomatology), where points are obtained according to the questionnaire methodology. A
higher score indicates a greater disability.”. Originally, the score interpretation for the
DASH outcome measure is where 0 is the best and 100 is the worst outcome. Cutoff
scores: less than 15 is interpreted as “no problem,” 16 – 40 means “problem, but work-
ing,” andmore than 40 interpretation is “unable to work”. In musculoskeletal conditions,
the standard error of measurement (SEM) is 5,22, minimal detectable change (MDC) is
10,7, and minimally clinically important difference (MCID) is 10,2 [17].

2.5 Data Statistical Analysis

To determine the effect of the DAid smart shirt-based feedback on the self-reported
DASH (the Disability of Arm, Shoulder, and Hand or DASH) scores the following
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statistical processing and analysis methods were used: descriptive statistical methods to
determinemean values, standard deviations, and 95%confidence interval.Determination
of normal distribution by the Shapiro-Wilk test. To compare results between the study
and control groups and before and after treatment The Mann-Whitney U test and the
Wilcoxon Signed Ranks test were used. The Chi-square test and Fisher’s exact test
were used to determine the difference in the frequency of the qualitative variables of the
samples (age, gender, dominant (D) hand, low risk for overuse injury sport, and high risk
for overuse injury sport). Results with a p-value of < 0.05 were considered statistically
significant. The statistical power of the study was determined to be > 0.8 (80%). Data
were analyzed in Microsoft Excel 2016 (Microsoft Corporation, Washington, USA) and
SPSS Statistics V22.0 (IBM Corporation, New York, USA).

3 Results

3.1 Characteristics of Patients Involved in the Study

The participant characteristics are provided in Table 1. While 34 participants for each
group were selected randomly, there was a similar distribution of age and gender in both
groups. The average age of participants in the test group was 38.6 years (with a standard
deviation of 12.6), while in the control group, it was 40.8 years (with a standard deviation
of 10.1). For the same number of participants in both groups (13 out of 17), the dominant
side was affected. The absence of a statistically significant difference between the two
groups regarding the baseline characteristics suggests that the groups were comparable
for the study.

Table 1. Characteristics of patients involved in the study.

Parameter Smart shirt group Control group p values

Age in years (±SD) 38,6 (±12,6) 40,8 (±10,1) 0,053

Gender (fem.) % (n) 58,8 (10) 52,9 (9) 0,730

Low risk for injury sports % (n) 41,2 (7) 47,1 (8) 0,730

High risk for injury sports % (n) 58,8 (10) 52,9 (9) 0,730

Affected dominant (D) hand % (n) 76,5 (13) 76,5 (13) > 0,999

3.2 DASH Patient-Reported Outcome

All 34 patient DASH outcomes before and after were analyzed in the study, due to
conditions “DASH patient–reported outcome may not be calculated if there are greater
than 3 missing items in disability/symptom module and work and sports module’s score
may not be calculated if there are any missing items” were not met. In Table 2 the
disability/symptom module, work module, and sports module study group and control
group results before and after physiotherapy intervention are shown.
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Table 2. DASH module before and after the intervention.

DASH module
and study group

Before
(±SD) (95% CI)

After
(±SD) (95% CI)

Mean difference
(±SD) (95% CI)

p-value

Disability/symptom
module

Smart shirt group 54,4 (±2.5)
(53,2–55,7)

14,7 (±3,1) (13,1
– 16,2)

39,8 (±4,1) (37,7
– 41,9)

< 0,001

Control group 52,0 (±4,3) (49,8
– 54,2)

21,5 (±3,0)
(20,0–23,1)

28,2 (±5,3)
(25,5–31,0)

< 0,001

p-value 0,210 < 0,001

Work module

Smart shirt group 85,2 (±2,7)
(83,8–86,6)

17,1 (±3,3)
(15,3–18,8)

68,2 (±3,8)
(66,2–70,1)

< 0,001

Control group 86,2 (±3,7)
(84,3–88,1)

27,5 (±3,1)
(25,9–29,1)

58,2 (±5,3)
(55,4–60,9)

< 0,001

p-value 0,424 < 0,001

Sports module

Smart shirt group 83,8 (±2,7)
(82,4–85,2)

18,1 (±3,3)
(16,4–19,8)

66,3 (±4,7)
(63,9–68,8)

< 0,001

Control group 84,4 (±3,2)
(82,7–86,0)

25,7 (±2,9)
(24,2–27,2)

57,5 (±3,1)
(55,9–59,0)

< 0,001

p-value 0,651 < 0,001

In general, for the smart shirt group, the DASH score before the intervention in the
disability/symptom module, work module, and sports module did not differ statistically
significantly between the DAid shirt group and the control group (p > 0.05). Statistically
significant differences were observed between the groups in all three DASH modules
after the intervention (p < 0.001). Obtained statistical power > 0.8 (0.99). The sports
module participant’s DASH scores in the experimental smart shirt group and control
group were divided into two separate subgroups characterized by a qualitative variable:
low risk for an overuse injury sports to the shoulder joint and high risk for an overuse
injury sports to the shoulder joint (Table 3).

The analysis of the results from the sports module, where participants answered four
questions related to physical ability in the past week, revealed statistically significant
differences between the smart shirt and control groups after the intervention (p< 0.001).
But there was no statistically significant difference in the control and the smart shirt
subgroups in terms of the risk for overuse injuries in sports after the intervention. The
p-value for the control group’s low risk of overuse injury sports and high-risk of overuse
injury sports subgroup was 0,528. The p-value for the smart group’s low risk of overuse
injury sports and high-risk of overuse injury sports subgroup was 0,465.
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Table 3. Sports module DASH score in low-risk of overuse injury sports and high-risk of overuse
injury sports subgroups before and after intervention

Group Before
(±SD) (95% CI)

After
(±SD) (95% CI)

p-value

Low risk for injury sports

Smart shirt group 83,8 (±2,9) (80,9–86,7) 17,2 (±3,7) (13,4 – 20,9) 0,012

Control group 85,4 (±3,5) (81,9 – 88,9) 25,2 (±2,9) (22,2–28,2) 0,011

High risk for injury sports

Smart shirt group 83,6 (± 3,9) (80,2–87,0) 14,4 (± 4,4) (10,0–18,7) 0,012

Control group 87,4 (± 3,7) (83,7–91,1) 23,4 (± 2,3) (21,1–25,7) 0,012

4 Discussion and Conclusions

The present study investigated the effectiveness of the DAid smart shirt-based feedback
for the physiotherapy of subacromial pain syndrome (SAPS) in athletes participating in
sports characterized by a high risk for overuse injury. The results showed that the use of
theDAid smart shirt-based feedback system led to a statistically significant improvement
in self-reported DASH scores compared to the conventional methods [12, 13]. The
findings of the study are consistent with previous research on the benefits of personalized
and targeted rehabilitation methods for athletes with SAPS [1]. The DAid smart shirt
system provides real-time feedback on movement patterns during physiotherapy, which
allows for more effective and personalized treatment. This is particularly important for
athletes who require tailored rehabilitation to address the specific demands of their sport
and avoid overuse injuries.

The statistically significant improvement in self-reported DASH scores after the 8-
week treatment in the DAid smart shirt group compared to the control group indicates
the potential of the system in improving the patient-reported outcomes of rehabilitation
for SAPS patients participating in high-risk for overuse injury sports. The results also
suggest that the use of the DAid smart shirt-based feedback system may lead to better
treatment outcomes and contribute to the prevention of future injuries.

However, it is important to note that while the study demonstrated the effectiveness
of the DAid smart shirt-based feedback system, the sample size was relatively small, and
the study was limited to athletes with SAPS. Further research with a larger sample size
and different patient populations is needed to validate the findings of the present study.
And it is important to note, that the DAid smart shirt is still in the prototype phase, so
it should be improved as technology by itself towards maturity from a bioengineering
perspective and user experience (UX) perspective also.

In conclusion, the results of this study suggest that the use of the DAid smart shirt-
based feedback system for the physiotherapy of subacromial pain syndrome in ath-
letes participating in high-risk for overuse injury sports provides a better self-reported
improvement in DASH scores, compared to conventional methods. The DAid smart shirt
system prototype offers a promising solution to address the challenges faced by athletes
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with SAPS, and further research is warranted to establish its effectiveness and potential
applications in other patient populations.
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Abstract. Occupational footwear is designed for personnel protection from
injuries. Footwear worn in military populations has been associated with potential
injury. During the gait foot and ankle segment is important part of body balance.
Lower limb injury incidence, especially ankle injuries, remains common among
military populations. Study aim was to compare ankle joint angular velocities
when walking barefoot and while wearing tactical boots. N = 64 active-duty
infantry male soldiers at mean age 30.0 ± 5.5 years participated in this study.
Foot and ankle joint angle calculations as well as spatiotemporal gait parameters
were evaluated and 2D kinematic assessment was undertaken for barefoot and
shod conditions. During the barefoot walk, foot contact angle was reduced com-
paring with shod conditions. Maximum angular velocities of plantarflexion and
dorsiflexion during barefoot walk were elevated comparing with gait using tacti-
cal boots. All observed differences were statistically significant (p< 0.001). This
study demonstrates that tactical boots change foot and ankle kinematics during
the gait. Shod walking indicated reduced motion of foot and ankle. Maximum
angular velocity values during ankle dorsiflexion and plantarflexion in this study
are comparable with reported angular velocities observed in healthy populations
while using common and athletic footwear.

Keywords: Angular velocity · Gait analysis ·Military boots

1 Introduction

Footwear forms the contact between the body and the standing or walking environment
and reduce loading of the lower extremities [1, 2]. Occupational footwear is one of
the key components of personal protection in potentially dangerous environments for
such professions like fire fighters, construction workers, law enforcement officers and
military personnel [3]. Persons working in these occupations use specialized footwear
that address different hazards of occupational setting (e.g., heat, irregular terrain, slippery
surfaces) and potentially protect the body from injury at theworkplace [3]. Tactical boots
used by themilitary personnel are task and environment specific [4]. Occupational boots,
as well as tactical boots, appear to be designed for occupational safety on account of
comfort [5].
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Occupational footwear is being linked to potentially causingmusculoskeletal injuries
directly, as well as leading to tripping and slipping associated with injuries [3, 6]. For
example, ankle and foot region injury that occurred due to falls and slips caused most
limited duty days in U.S. Army [7].

Previous studies have reported the footwear ability to maintain postural stability,
impact gait and physiological measures (aerobic capacity, heart rates, temperatures,
muscle activity), and selected occupational task performance [1, 3]. Footwear also have
the potential to serve as a tool that promotes ankle energy storage and release during the
gait [8].

During the barefoot gait, two series of dorsiflexion and plantar flexion in the ankle
joint occur [9]. Movement at the foot and ankle has been appraised as an important
part of balance recovery [3], and fast ankle muscle reaction is essential for fast ankle
joint stabilization [10]. Besides, it has been observed previously that changes in peak
ankle angular velocity positively correlates with changes in ankle power [11]. Peak ankle
joint angles and angular velocities correspond to foot plantarflexion prior to push-off of
the gait cycle and ankle dorsiflexion for ground clearance [12]. Occupational footwear
significantly restricts the ankle’s range of motion and it is proposed that compensation
at the knee joint could occur due to a decrease in muscle activity at the ankle [5].

Considering the impact of occupational footwear on lower limb kinematics there is a
need to ensure that occupation-specific footwear is designed to stabilize the ankle region
and mitigate injuries not to cause them [3, 5]. This study aim was to compare ankle joint
angular velocities during the gait with tactical boots and barefoot gait.

2 Materials and Methods

2.1 Study Population

Available active-duty infantry soldiers of Latvian Land Forces were invited to participate
in this study during the annual medical check-up at the Latvian National Army Logistic
Command Military Medical Support Centre. The study protocol was approved by the
Ethics Committee of Rı̄ga Stradiņš University (No.40/26.10.2017). Participation was
voluntary and written informed consent was provided by all participants before entering
the study. A cross-sectional study was carried out among male soldiers (n = 64) at the
mean age of 30.0 ± 5.5 years (range 22–40 years) and with an average service time of
5.2 years (range 1–15 years).

2.2 Gait Assessment

Study participants were asked to wear shorts and were instructed to walk comfortably on
the 5-m long walkway barefoot and in tactical boots. Standardized tactical boot model
with 25 cm height for hot weather conditions was used during the study (see Fig. 1).

Tactical boots could not be used if any visual attrition signs were found by the
researcher before gait test. Two gait trials were used for familiarization for both walking
conditions and were not included into the analysis [13]. Full (n= 50) gait cycles without
turns were recorded and included into the analysis [14].



114 D. Nesterovica - Petrikova et al.

Fig. 1. Tactical boot example.

Before the gait testing, all study participants were instrumented with spherical
retroreflective markers using double-sided tape. Markers (n = 12) were attached to
the middle shank, the lateral and medial femoral epicondyles, the lateral and medial
malleoli, and the head of the 1st, 2nd, and 5th metatarsals, and the posterior calcaneus.
A single examiner attached all the markers. Marker set is similar as used in the previ-
ous studies for barefoot and shod gait [15, 16]. For gait assessment while using tactical
boots the marker placement was defined after the palpation of the anatomical landmark
through the shoe.

Gait testing and 2Dkinematic assessment of the foot and anklemotionwas performed
in the gait laboratory of Riga Stradiņš University [17, 18]. Two high-speed camera
motion capture (100 samples/s) system was used for gait recording. Joint angles and
angular velocities were evaluated using software Quintic v31 Biomechanics (Quintic
Consultancy Ltd, United Kingdom).

2.3 Statistical Analysis

Statistical analysis was carried out using the SPSS 22.0 software package (Statis-
tical Package for the Social Sciences). Data distribution was determined using the
Kolmogorov-Smirnov test. The Kruskal–Wallis test by ranks was used to compare shod
and barefoot data. Mean gait data from the right side are presented with standard devia-
tion (SD) if not stated otherwise, the left side data was not included in the analysis. The
statistical significance level was p < 0.05.

3 Results

Gait with tactical boots showed longer stride in terms of covered length and time. Stride
length and stride timewere statistically significantly different (p<0.001) during barefoot
gait and while wearing tactical boots. However, the differences in gait velocity were not
significant (p = 0.45). See Table 1 for details.
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Table 1. Gait characteristics for shod and barefoot conditions

Gait parameter Barefoot With boots

Stride length, m (SD) 1.11 (0.33) 1.32 (0.27)

Stride time, m (SD) 1.08 (0.11) 1.21 (0.10)

Gait velocity, m/s (SD) 1.03 (0.29) 1.09 (0.22)

Foot and ankle motion appeared to be different while walking barefoot and with
tactical boots. Gait with tactical boots statistically significantly (p < 0.001) increased
ankle angle at initial contact, but reduced rearfoot eversion and ankle angular velocities.
See Table 2 for details.

Table 2. Foot and ankle kinematics

Variable Barefoot With boots

Rearfoot eversion° (SD) 5.31 (1.83) 3.08 (1.11)

Ankle angle at initial contact° (SD) 16.72 (5.50) 25.34 (4.66)

Peak angular velocity for plantarflexion°/sec (SD) 249.29 (34.09) 156.78 (24.06)

Peak angular velocity for dorsiflexion°/sec (SD) 153.44 (22.71) 119.61 (33.38)

4 Discussion

To the author’s knowledge, this is the first study that describes angular velocities of the
ankle joint during a walk with tactical boots. According to the study results, tactical
boots significantly restrict and decelerate ankle joint motion. Other studies also showed
that walking barefoot decreases ankle range of motion and increases ankle joint motion
while shod [19, 20].

Peak angular velocities observed during ankle plantarflexion and dorsiflexion among
our study participants appeared similar with reported data among healthy populations
[12]. Additionally, walk with tactical boots increased stride time and showed prolonged
stride. Similar effects on stride time and length have been previously found during walk
with common footwear among adults [21, 22]. However, differences in gait velocities
during barefoot and walking with tactical boots were not significant due to laboratory
setting and limited walking space. It has been reported previously that ankle angular
velocity increase if the barefoot gait velocity increase [12] and future research could
focus on different gait speeds.

Walking with tactical boots provides stability of the ankle joint, but shod gait eval-
uation could mask ankle joint motion restriction. Barefoot gait assessment should be
performed in occupational groups with high lower limb injury risks for comprehensive
ankle joint function evaluation.
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Tactical boots are used not only for walking, but also for running. Running with
boots used by the military personnel has been physically more demanding and it has
been associated with a greater compensation of hip and knee joints motion due to the
ankle joint limitations, which could potentially increase the risk of musculoskeletal
injuries [23, 24]. Tactical boot effects on ankle joint motion during the gait in this study
appeared to be similar to gait with running shoes, that also showed increased ankle
dorsiflexion at initial contact [8]. However, further research of running gait assessment
using tactical boots could provide additional data regarding possible lower limb injury
mechanisms among military populations.

This study has some limitations. This was a cross-sectional study with male partic-
ipants only and obtained ankle kinematics data could not be generalized to all military
populations. Moreover, gait data measured in laboratory setting could not be easily
transferred to outdoor conditions [21].

We did not analyze shoe attrition, however it could influence the kinematics of
ankle joint [16]. Study participants used already worn tactical boots that could shift
the results, however tactical boots in Latvian Land Forces are changed regularly if
visual attrition sign exist; before marker placement no visual tactical boots damage was
found. Additionally, ankle motion analysis with markers could be influenced by soft
tissue artefacts (STA), but all the markers were placed following standardized marker
placement scheme by one examiner and STA at the hindfoot region have been likely
small [25, 26]. Despite these limitations, this study shows the positive effects of such
occupational footwear as tactical boots, and these findings could be similar to boots used
by law enforcement officers.

5 Conclusions

This study showed that walking with tactical boots used in the military populations
restricts ankle joint and decelerates motion comparing with barefoot walking. Observed
tactical boot effects on gait are similar as walking in common footwear and could not
explain high incidence of ankle joint injuries among military personnel.
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Abstract. The human body is often affected by some pathological processes or
illnesses. In many cases, it is necessary to perform surgical intervention, some-
times in a very short period. Computer-Assisted Surgery - CAS defines a set of
techniques that use computers and other devices for planning, guiding, and per-
forming surgical interventions, and can greatly improve outcome of pre/intra/post-
operative procedures. In this paper, the enhancement of theMethod of Anatomical
Features – MAF, which is defined as an essential part of CAS, is described. The
MAF is improved by adding Characteristic Product Feature - CPF method as one
of its essential processes, to better describe human organs and to create Feature
models as their virtual representation. The created Featuremodelswill greatly help
physicians to better prepare and conduct surgical interventions, thus improving
patient treatment and recovery processes.

Keywords: MAF · CPF · human organ · geometrical model

1 Introduction

The human body is often affected by some pathological processes or illness. In many
cases, it is necessary to perform surgical intervention, sometimes in a very short period.
For the success of surgical intervention, it is particularly important to prepare a good
pre-operative plan and to ensure that adequate implants are provided. Computer-Assisted
Surgery (CAS) [1] defines a set of techniques that use computers and other devices for
planning, guiding, andperforming surgical interventions.Themost important component
of CAS is an accurate personalized model of the affected human organ (e.g., tendon,
ligament, or bone). In general, such model(s) can be acquired by the application of two
different approaches [2].

The first approach implies application of medical imaging technologies, like Com-
puted Tomography (CT) or X-Ray, to provide 3D geometrical models of human organs.
Such models can be created in three general ways:

• Application of software, which is part of a medical scanner (e.g. Vitrea)
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• Post-processing of medical images in medical-oriented CAD programs (e.g. Materi-
alise Mimics, 3D Slicer)

• Post-processing in one of the CAD software packages (e.g., CATIA, 3D Fusion).

One of the main drawbacks of this approach is the inability to create a geometrical
accurate model of whole organ in cases where the scanned bone incomplete due to
illness (osteoporosis, arthritis, cancer, etc.) or trauma (multiple fractures, crushed bones,
torn ligaments and tendons, etc.), or when medical images are not of adequate quality.
Examples of methods used in this approach are given in the works [3, 4].

The second approach for creation of 3Dgeometricalmodels of human organs is based
on predictive geometrical or statistical model and data obtained frommedical images. In
predictive models, geometric entities are described by mathematical functions, whose
arguments are morphometric parameters that can be read from medical images. With
this approach it is possible to create an accurate 3D geometrical model of a patient’s
organ [4, 5].

Method of anatomical features (MAF) is a methodology which can be used in both
approaches [4]. In this paper, the research focuses on improving MAF by adding the
Characteristics Product Features (CPF) [6] method. CPF enables the definition of differ-
ent product features and properties, and thus it should provide MAF capability to define
3D models of other organs, not just bones. The initial approach to MAF enhancement is
described in this paper for the definition of the Anterior Crucial Ligament geometrical
model, which is based not just on anatomical and morphological properties but also on
its functional characteristics.

2 Characteristic Product Features Methodology

The methodology consists of several steps defined as processes [6], and they are: Point
Cloud Import (P1), Feature Description (P2), Feature Definition (P3), Feature Extraction
and Implementation (P4). The process starts with importing point cloud and finishes
with complete definition of selected product features, and their implementation. Point
cloud is initially a set of points acquired from the scanning activity, where each point
represents a minimal geometric definition of the scanned product. In the next process
(P2) each product feature of interest is described semantically, and a list of features
is created. This list can be represented using a plain text file or some other type of
representation like a visual (sketch). Finally, it is necessary to conduct process P3 to
provide a complete definition of feature(s) properties. This process is the most important
activity in methodology application. It consists of several feature definitions and is not
limited to those presented in [6] (geometrical, mathematical, functional, etc.). To define
product feature(s) geometrically, it is required to use a filtered point cloud. Then, each
product feature is defined by selecting a group of points that belongs to that product
feature, i.e., product feature(s) is geometrically represented by a set of points in the
point cloud. The group of points can be further processed in remodeling steps, like
creating mesh(es), forming geometrical elements like curves, and forming 3D models
(surface or solid) at the end. Each following individual step can produce output and
further define product feature(s). For example, the mesh element can be exported to an
STL file and then joined to the point cloud file of the product, thus creating a set of
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files for an individual feature – point cloud (*.txt) and mesh file (*.stl). The whole set
of product features of interest can contain many files for each component; if required,
they can be used individually or assembled into the whole product and used as a part
model, i.e., Feature(s) model. The one important capability of a product feature is the
parametrization of its point set, thus creating a parametric point cloudmodel for a unique
feature with the capability to adapt to different parameters, not just geometrical, but also
to functional, technological, and so on. TheCPF application is demonstrated in [6] for the
creation of the ski shoe heel lip 3D printed model which was successfully implemented
and used. In [6] the functional, geometrical, topological, and material features were
defined, and they influenced the creation of heel lip geometrical and physical model by
3D printing.

3 Method of Anatomical Features

MAF [4] introduces a new approach to describe geometrical entities of human bones,
and it enables creation of various geometrical models of the human bones and other
organs. Two different types of models can be created by the original MAF:

• 3D geometrical models – These models are standard polygonal, surface and volume
models which are used in CAD for many years. They are created by the application
of standard CAD technical features in CAD software packages.

• Predictive (parametric) models of the human bones. By the application of the mor-
phometric parameters acquired from medical imaging methods, these models can be
adjusted to the geometry and morphology of the human bone of a specific patient.

Both types of models are created on the basis of data (input models) acquired from
medical imaging methods (e.g. CT or MRI). MAF is a complex method, composed of
basic and additional processes (Fig. 1), and therefore, Structured Analysis and Design
Technique (SADT) [7] is used for its description. The main components of SADT dia-
grams are input elements, recourses, control elements, and output elements, defined in
[4] and presented in Fig. 1.

Fig. 1. Basic and additional processes of MAF [4]
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Basic processes are defined in [4] and they enable complete geometrical and anatomi-
cal definition of the specific human bone. These processes are: Creation of initial polyg-
onal model (A11). The output from this process is a polygonal model of the specific
human bone; Anatomical analysis (A12). The outcome of this process is an anatomi-
cal model of the specific human bone; Definition of Referential Geometrical Entities
(RGEs) (A13). These entities represent basic geometry which is used for the creation
of all other geometrical elements like curves or surfaces; Creation of Constitutive Geo-
metrical Entities (CGEs) (A14) – These entities are called constitutive because they are
used for the creation of surface and solid models of the human bones, and parts of the
bones. Polygonal model, RGEs and CGES are outputs from the basic MAF processes.
By the application of these outputs different geometrical models of the human bone can
be created.

The output from MAF additional processes is parametric model of the specific
human bone [4]. Parametric model is a predictive model which shape, and anatomy are
defined by the formed parametric functions, and conditioned by the values of the mor-
phometric parameters acquired from medical imaging methods. Parametric model can
be transformed into the personalized model by applying unique values of morphometric
parameters acquired from specific patient’s medical images.

The MAF is a proven method, and its results are well known [8–12]. The original
MAF was developed to create geometrical models of human bones [2, 4, 8–11]. The
results presented in these studies demonstrated the geometrical accuracy and anatomical
and morphological correctness of MAF application. It is essential to mention that the
quality of the models created by MAF can be defined and influenced by the requirement
of a clinical case, like the one presented in [9] where a sternum implant was created
using initial MAF procedures and additive technologies. The implant was successfully
implemented into the patient, and the patient recovered. Additional examples of MAF
application are defined in chapters [10–12] in the Springer book “Personalized ortho-
pedics”. Besides bones, MAF is also used to create personalized implants for human
bones (long and flat) as presented in [8, 11, 12]. The one characteristic application was
creating a plastic mandibular reconstructive plate model, for the youngmale patient with
progenia, presented in Fig. 2.

a) b) c)

Fig. 2 a) X-ray scan with basic geometry b) Solid model of the personalized plate created over
scanned data by using MAF c) printed models of the plate implants (left and right) [8, 11].
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The plastic model (Fig. 2c), manufactured by FFF 3D printing, was used to guide
real plate bending in the preoperative phase. The bent model was geometrically accurate
and fitted the patient perfectly. Also, it is important to note that the presented approach
shortened the surgery time, which is always a good thing for a patient. To conclude,MAF
can be used to create geometrical models of human bones and implants, and concerning
previous applications, results are more than satisfactory. For now, the authors have not
found a case in which MAF cannot be applied, because it allows different capabilities
to bone remodeling as presented in [4]. Concerning ethical principles, MAF is oriented
to digital (geometrical models), and for every real (clinical) application presented in the
references and other MAF applications, ethical regulations were and will be followed.

The focus of this research is to enhance MAF, and for that, it is necessary to create
specific modifications. The first modification, presented in this study, is an application
of the CPF method as one of the basic processes in the methodology definition. The
upgraded MAF basic processes with CPF are presented in Fig. 3. CPF method enables
various definitions of any product feature with a specific output. As already stated, any
product or organ feature can be extracted from the point cloud or polygonal model,
and existing or required properties can be defined. In MAF the original procedure is to
acquire cloud point from medical imaging methods, then conduct geometrical filtering
and transformations and produce some geometry (RGEs, CGEs, and other geometrical
entities and models).

Fig. 3. The addition of CPF to MAF basic processes

CPF (Fig. 4), adds more capability to MAF to define specific features on the human
organ and to add more characteristics, not just anatomical ones. Therefore, the resulting
model can have additional properties, like required functional or mechanical character-
istics. It is important to note that the term model in this context refers to a complex
entity composed of different elements (CGE, polygonal model(s), CPF properties), and
it will be referred to as FeaturesModel (FM) (specific CPFmodel). Tomake a conclusive
statement: The resulting FM of the MAF application can reflect various needs and fulfil
different requirements from different actors. FM can be used as input model to additional
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MAF processes to enable better parameterization according to the novel specifications
defined in FM.

Fig. 4. The CPF basic processes

4 Method Application for Anterior Crucial Ligament Remodeling

In this research, the Anterior Crucial Ligament (ACL) is used as an example for the
remodeling of the knee ligament based on different requirements defined in CPF model.
Three bones meet to form the knee joint: the femur (thighbone), tibia (shinbone), and
patella (kneecap). The kneecap sits in front of the joint to provide some protection.
There are four primary ligaments in the knee, and they act like strong ropes to hold
the bones together and keep the knee stable. The ligaments connecting the knee bones
are: Collateral Ligaments - These are found on the sides of knee; The medial collateral
ligament (MCL) is on the inside, and the lateral collateral ligament (LCL) is on the
outside. The detailed explanation of ligaments can be found in [13]. One of the most
common knee injuries is an ACL sprain, or tear. The main technique for ACL repair
is to use tendon graft(s) and to fixate it with screws positioned in the femur and tibia.
It is approach used for many years with different results. The other novel approach
presented in [14, 15] demonstrates categorically that there is a place for ACL repair
with InternalBrace (Fig. 5). Early repair of new joints has an impact on protecting joint
health and restoring normal biomechanical function. An ACL repair augmented with the
InternalBrace procedure protects the cartilage, reducing the need for resection. Standard
repairs with ACL Reconstruction Hamstring Tendon are most prone to resection and
arthritis. This approach in ACL reconstruction is due to the concerns regarding the high
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level of arthritis associated with traditional reconstruction, (reported to be as high as
48% after 10 years).

With InternalBrace, over 80% of the repair patients did not need any form of recon-
structive surgery on their knees during the 5 years of follow-up. Those that did still made
a tremendous recovery after a second-stage revision procedure using a reduced graft –
again supported with the InternalBrace. The difference between the standard and novel
approach is that ACL repair with InternalBrace is a lot less traumatic for the joint, as
presented in Fig. 6. Repair augmented with the InternalBrace only requires small bone
tunnels which take the 2mm InternalBrace. Compared this to the major bone tunnels that
need to be drilled during a traditional reconstruction (2.4 mm for femur and 3.5 mm for
tibia). There is far less bone trauma in an ACL repair augmented with the InternalBrace,
compared to a traditional reconstruction.

Fig. 5. The ACL InternalBrace
reconstruction [15]

Fig. 6. Comparison of traditional and
InternalBrace reconstruction [15]

To create a 3D personalized model of the ACL it is required to define important
functional characteristics of the selected treatment case. Because of the novelty of the
research and good prognosis, a second case is selected – InternalBrace. The complication
of ACL reconstruction may be summarized as the ones due to pre-operative decisions,
intraoperative causes, and postoperative causes. The focus of this study will be on pre-
operative and post-operative complicationswhich can be reducedwith good preoperative
analysis of the injured knee, and some of them can be:

• Preoperative assumptions and decisions
• ACL reconstruction is deferred until the swelling has subsided after an acute injury.
• Not performing the ACL surgery when needed and waiting for too long may lead to

damage to the articular knee cartilage and meniscus.
• Postoperative complications
• Stiffness is a common post-ACL reconstruction complication that is defined as the

incomplete range of motion of the knee following surgery.
• Patella fracture after ACL reconstruction may result from graft harvesting (only in

resection for this case).
• Pain, swelling, redness, the rise of temperature, and stiffness may occur because of

infection.
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• Pain in the front of the knee after the surgery is commonly associated with patellar
tendon graft but may also occur in cases of allograft and quadriceps tendon graft.

The stated complications are entry point for the CPG/FM model creation, and they
represent the functional and geometrical requirements, which 3D ACL model needs to
fulfill. The fulfillment of these requirements will allow better definition, creation, and
application of the ACL implant. The personalized 3Dmodel created in the pre-operative
procedures with accurate geometry, and with complete positional definition of femur
and tibia holes and InternalBrace dimension, will help physician to properly implant the
InternalBrace, eliminating the need for tendon graph and thus, reducing potential risks,
like patella fracture and infection. Summarized geometrical requirements based on the
defined complications for the clinical case are defined as:

• Accurate geometry of femur and tibia. Anatomical axis aligned in Anterior-Posterior
(AP) plane.

• Simplified geometrical model of the ACL – Positional accuracy is required.
• Sheet model (3D model with small thickness) of the bracelet.
• Parametrical model of the bracelet (will be completely defined in future research).

The MAF method already provides methods and procedures for the creation of the
acurate personalized geometrical models of the femur and tibia (and other long and
flate bones) [2, 4]. These models can be used as the basis for the creation of the ACL
simplifiedmodel. As the example of themodel creation in the Fig. 7, different 3Dmodels

a) The 3D model of the knee with ACL ligament

b) The knee and InternalBrace 3D model with defined geometry

Planes for

geometry

definition

Construction

axes

ACL

Construction

axes

InternalBrace

shape 

model

Fig. 7. The InternalBrace and knee 3D model created by using the enhanced MAF
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are presented. In the Fig. 7a 3D presentationmodel of the knee is shown (originated from
CT scan, Clinical Center Nis, Serbia, reolution: 512x512,0.5 mm slice thickness), and in
the Fig. 7b 3Dmodel of the knee and the braclet is displayed. Themodels are prepared in
CATIA (licensed), but they can be exported to the independet formats like STEP, or IGES
and used freely. These models can help surgeons propely prepare surgical interventions
using CAS with CAD software and prevent some of the stated complications.

The FM created for the InternalBrace includes geometrical, functional, and material
models. The braclet geometrical model is defined by using already defined geometrical
models of tibia and femur. Two axes are constructed to define InternalBrace direction
through femur and tibia. Thewidth and length of the InternalBrace are parametric values,
which mean it can be defined as a feature parameter, and changed accordingly. The
functional requirements are stated in the previous section, while material is defined
according to the clinical application (FiberTape® suture - polyethylene). By creating
this kind of FM, the different modifications are available to the designers and surgeons
to prepare and conduct surgical interventions.

5 Conclusion

The humanmodel reconstruction process is a complex one. Therefore, different methods
for its creation are presented in this paper. One of these methods is the Method of
Anatomical Features (MAF) created by the authors of this research, which focuses on the
design of 3Dmodels of human bones and implants. Furthermore, this study demonstrates
the enhancement of MAF by adding the Characteristic Product Features (CPF) method
as aMAF process. Using this approach, it is possible to create different types of complex
models (functional, geometric, material) of human organs and apply them in Computer
Assisted surgery (CAS), thus improving patient treatment and recovery processes.
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Abstract. Electrospinning is a versatile technique and has been used to produce
porous fibers ranging from submicron to nanometer in diameter. Using a vari-
ety of high-performance polymers and blends, several new configurations are,
now, possible for applications in tactile sensing, energy harvesting, filtration, and
biomedical technologies. The structures, however, lack desired mechanical con-
formity, complexity, and single/multi-material three-dimensional rigid constructs
essential to mimic specific functionalities. A simple, yet versatile, strategy is by
employing a digitally controlled fabrication process of shape-morphing called
3D printing/additive manufacturing process and by conjoining the two promising
technologies. Thus, using strategic and hierarchical integration of processes, elab-
orate shapes, and patterns can be fabricated on mesostructured stimuli-responsive
electrospunmembranes. The focus of this investigation is primarily on biomedical
structures, as part of a large effort of precision and advanced manufacturing for
rapid prototyping.

Keywords: electrospinning · 3D printing · prototyping · scaffolds · biomedical

1 Introduction

Three-dimensional (3D) printing and nanotechnology are two advancing frontiers of
science and technology that have recently been moving towards strategic integra-
tion to leverage their individual advantages and achieve new material characteristics,
unique configurations, and hence, applications that will catapult current technology to
create highly functional structures. By adjusting processing parameters, variations of
lightweight, adaptable, resilient, biodegradable, and highly multifunctional materials
are produced in the form of smart structures [1, 2]. However, one of the bottlenecks
to smart-structure promulgation is the manufacturing processes which have become
increasingly complex, outpacing traditional manufacturing methods. In addition, the
traditional methods present challenges in the processing of heterogeneous materials,
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hence, the complete structure needs to be divided into multiple components and pro-
cessed individually and separately. While there are certain restrictions on the minimum
size features that can be accurately printed, most of the limitations of additive process-
ing center around how to optimally position a print layer to reduce support dependency
and the likelihood of print failure. This allows a large amount of design freedom and
enables the creation of very complex geometries with relative ease. Electrospinning is a
versatile, efficient, and inexpensive nanofibers processing technique that can be used to
produce 1D fibrous materials or composites with a wide range of diameters (from nm to
mm) [3, 5]. With the recent advances in nanotechnology, new multifunctional materials
are produced by combining nanomaterials with electrospun nanofibers. There are sev-
eral investigations that show that such nanofibers demonstrate sensitivity to chemical
and biological agents and hence nanofibrous structures fabricated using electrospinning
are excellent candidates for the fabrication of e-textiles, tactile membranes, and protec-
tive clothing due to their adsorptive, lightweight, and functionalization properties [5].
By choosing certain combinations of high-performance polymers and nanomaterials,
the newly developed composite materials have new and unique functional properties.
Recent developments in electrospinning in hierarchical unification with additive pro-
cessing are currently used in enhancing defense and security posture by providing force
protection [6, 7], sensing/detection of hazardous environments [7], tactile interface for
improved functionality [6], comfortable outwear for soldiers and emergency responders
[6], biomedical support in the battlefield, energy harvesting patches and devices with
communication capabilities [8]. Complex functionalized and hierarchically integrated
scaffolds composed of micro-and nanoscale structures are a key objective of conjoining
3D printing with electrospun nanofibers, especially when combined with nanomaterials.
Using this framework devices, and design constructs fabricated using 3D printing and
electrospinning have great potential in the production of complex structures required for
several unique and specialized applications, such as in intervertebral disc tissue engi-
neering, smart scaffolds for abdominal walls, and bi-layer scaffolds for guided tissue
regeneration. Complex and hierarchically functionalized structures consisting of micro
and nano-scale structures can now be produced by the convergence of the two methods
and several commercial instruments are currently designing instruments by the combina-
tion of 3D printing and electrospinning. The objective of this investigation is to explore
the spectrum of opportunities, challenges, and drawbacks of this combinatorial process.
Furthermore, the scope of this investigation is primarily for biomedical applications,
although the processes can easily be applied to a wide variety of other fields.

2 Overview of Fabrication Processes

2.1 Electrospinning

Electrospinning is a versatile technique based on applying an electrostatic field to a
polymeric solution to yield fibers at the nanoscale. The technique has attracted a lot
of attention since it is relatively simple to operate and yields fibers having applications
potentially covering various fields. In general, the electrospinning technique involves the
fabrication of nanoscale fibers with a very large surface area to diameter ratio employing
polymers and their composites with several functional additives, including composites
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[3], ceramers [4], drugs [5], nanoparticles [4], nanotubes [4], quantum dots [4], and
even plant extracts [9, 10], in the form of melt or solution. The polymer solution is sub-
jected to a high electrical field, thus using the electrohydrodynamic principles whereby
a polymeric droplet is electrified to form a jet called a “Taylor cone” [11], the polymer
solution undergoes stretching and elongation to form fibers on a grounded collector. The
classical electrospinning setup as shown in Fig. 1a basically consists of a syringe pump,
spinneret, high voltage power supply, and a grounded collector. The method has been
modified over time with the addition of different needle types, collectors, and rings to
contain the cone spread. One of the methods of electrospinning, termed coaxial electro-
spinning, is shown in Fig. 1b, effectively enables the production of ore-shell structure
fibers by combining different system materials in the same fiber.

Fig. 1. Electrospinning techniques. a) Conventional method used for basic nanofibers, and b)
Coaxial method with core-shell fibers. [1]

2.2 Additive Printing Process

3D printing has developed rapidly in the last few years [12, 13]. The technology is
based on the layer-by-layer production of 3D structures directly from computer-aided
design (CAD) drawings. Some of the most common methods include fused deposition,
stereolithography, digital light processing, and PolyJet photopolymer 3D printing tech-
niques. The method of depositing the polymers by fusion (Fig. 2) is a widely preferred
process due to its advantages of being inexpensive and ease of use with which polymer
composites containing both thermoplastic polymers and solid particles can be additively
printed.

However, the method suffers from disadvantages, such as poor mechanical proper-
ties, layer-by-layer appearance, poor surface quality, and the limited number of thermo-
plastic materials available for this method [14]. Stereolithography (SLA) is an additive
manufacturing process that uses liquid UV-curable photopolymer resin and photochem-
ical processes by which light causes chemical monomers and oligomers to cross-link
together to form polymers [15]. Yet another technique is called PolyJet printing, which
is similar to inkjet technology and is based on the principle of spraying small droplets
of liquid resin from nozzles and then solidifying these droplets by exposing them to UV
light in each layer. One of the most important advantages of this type of printer is that it
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Fig. 2. Commonly used 3D printing techniques

can work in normal room conditions without requiring a special laboratory environment
and can produce a wide range of high-resolution materials.

3 Synergetic Integration

The combination of 3D printing and electrospinning technologies is a relatively new and
developing methodology and was introduced by the authors to create custom-designed
shapes and patterns for several unique and specific applications, as described in the
following section.Althoughpreliminary investigations are still in the developing stages, a
strategic collaboration of 3D printing methodology by biotech companies has catapulted
3D bioprinting capabilities into the future.

Electrospinning is a promisingmethod for aligningmicro/nanofibers due to its simple
and versatile fabrication structure. For its applications in scaffolds and tissue engineer-
ing, it is known that such structures are categorized as fibrous, porous, or hydrogel.
Several methods allow the fabrication of scaffolds in these morphologies by manipulat-
ing micro/nanopatterning to provide contact guidance. The electrospun nanofibers have
demonstrated considerable potential as scaffolds since these materials exhibit advanta-
geous properties such as mechanical flexibility, high surface area to volume ratio, and
the ability to architecturally mimic the native extracellular matrix (ECM) [16]. In addi-
tion, electrospinning-based scaffolds with different morphologies can be successfully
fabricated for controlled drug delivery systems by controlling the material composition
by adjusting the operating parameters. Such combinations are very useful in applying
bioactive molecules directly to the bone defect area, which aims to stimulate tissue
regeneration while preventing infections.

Despite these advantages, electrospun nanofibers still suffer from drawbacks in their
standalone use in regenerativemedicine and for scaffolds. Additionally, conventional 2D
electrospun membranes use densely packed fibers that can cause inhibition of both cell
infiltration and growth along the scaffolds. In bones, the small pore size of electrospun
structures can restrict tissue-specific bone cell infiltration, limit tissue ingrowth and sim-
ulate the ECMonly on a planar structure, which does not allow the repair requirements of
large bone defects [17]. Also, as stated earlier, the electrospun structures lackmechanical
strength for load-bearing applications of bone. Furthermore, the homogeneous structure,
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which consists of fibers stacked on top of each other and exhibits a single morphology,
is not suitable as a standalone unit to mimic the heterogeneous bone structure of bone.
For all these reasons, it is necessary to conjoin these electrospun fibrous structures with
rigid scaffold production techniques. In doing so, the objectives then are to improve the
mechanical strength, form a larger pore structure that can offer adequate sites for cell
adhesion, and to better imitate the compact structure of the bone and other desired con-
figurations. Considering the installation of the combined technologies, a combination
system consists of a classical electrospinning apparatus and a computer-controlled x–y
motion stage, as shown in Fig. 3.

Fig. 3. Schematic of 3D printing and electrospinning to create a dual-scale scaffold. [18]

Hence, strategic, and hierarchical integration of electrospun nanofibers with 3D
printing provides desired functionality of several critical structures, which otherwise,
would not be readily available.

4 Biomedical Applications of the Combinatorial Processes

So far, there are only very limited investigations that use materials and devices produced
by using 3Dprinting and electrospinning. Realizing that bothmethods offer limited capa-
bilities and have their own limitations, a conjoined methodology offers a high potential
of producing structures, which otherwise would not be possible. Conjoining electrospin-
ning with additive processing is in its very early stages and our initial focus is on the
integration strategy of the two. Depending on the application, the first effort has been
directed toward developing individual processes accordingly and integrating the two for
desired outcomes. The second effort has been towards PVDF-based polymers for use
in pressure sensors, tactile systems, structural health monitoring devices, and medical
devices that actuate signals induced by pressure and motion. In parallel, efforts are also
underway for tissue engineering and bone scaffolds. This leads to prosthetics having a
very large number of useful applications. While we continue to explore this subject, we
continue to review the literature on the use of this method for additional new and unique
applications.

For the second objective, we studied the inclusion of Polyvinylidene fluoride (PVDF)
in polymeric solution to produce nanofibers. PVDF is a semicrystalline polymer with
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alternating monomer units of CH2-CF2, which presents three crystalline phases (com-
monly α-, β-, and γ-). The α and ε phases are non-polar due to the antiparallel arrange-
ment of dipoles in the cell units, while the β-phase is responsible for the piezoelectric
response. By thermal treatment or poling under a high electric field (150kV/mm), the
α-phase can be transformed into the γ-phase or β-phase. To increase the β-phase and
simultaneously reduce the crystallinity of the α-phase, many methods have been devel-
oped during the preparation of PVDF materials. With the addition of PVDF- trifluoro
ethylene (PVDF-TrFE), the nanofiber membranes can further align the dipole moment
in the nanofiber. The uniaxial stretching technique is used under variable temperatures
to obtain PVDF structure in β phase. Also, copolymers of PVDF, such as P(VDF-TrFE),
have been synthesized using electrospinning to achieve an intrinsic β-phase crystal. It has
been observed that adding Lead Zirconate Titanate (PZT) particles to PVDF improves
the dielectric constant, piezoelectric coefficients, and mechanical stability of the films
under variable temperature conditions. In addition, such composite films are relatively
inexpensive to fabricate functional devices. As a result, studies were undertaken to syn-
thesize nanofibermembranes of PVDF embeddedwith La+3 ion substituted for Pb+2 ion
in PZT, called PLZT, using the electrospinning technique. We have conducted exper-
iments on wearable tactile sensors consisting of electrospun PVDF/PLZT membrane
mats as functional layers of biomedical pressure sensors. When put in scaffold format,
the devices are likely to yield positive results infant cardiorespiratory monitoring, pedi-
atric dynamometer, respiratory rate monitor, prostate gland stiffness monitor, detection
of articular cartilage softening, catheter position sensing, disposable pressuremonitoring
system, Parkinson’s symptoms, and posture monitoring system, just to name a few.

Our next effort has also been toward bone tissue engineering and designing func-
tional and effective techniques for bone regeneration. For this subject, it is critical to
understand the existing bone defects, the natural bone regeneration process, and the bone
tissue engineering approach. Current modalities include allograft or autograft bones to
replace the defect using the Masquelet technique, which uses the body’s foreign body
response to create a membrane of fibrous tissue around the defect site, and osteogenesis,
which uses the natural healing properties of bone to fill in the defective bone. Albeit use-
ful, they have certain challenges and complications. Recently, scaffolds with cells and
gene-activating materials have been developed as third-generation bone repair materials.
Several processing techniques allow the fabricationof scaffolds in desired configurations,
viz. Fibrous, porous, hydrogel, and micro/nano scaffolds, for bone regeneration, such as
solvent casting and salt particulate leaching, gas foaming, emulsification, freeze-drying,
cryotropic gelation, electrospinning, and 3Dprinting have been used. Due to the complex
architecture of bone consisting of spongy (cancellous bone) and hard (compact bone)
tissues, a scaffold in a single morphology does not provide a suitable solution. Thus,
a design of multiphase biomaterial structures which is capable of mimicking tissues in
complex structures is desired, viz. a scaffold architecture consisting of a dense layer to
mimic the compact structure of bone and a porous structure to mimic its spongy nature.
Hence, the authors have used a combinatorial approach that combines electrospinning
and additive manufacturing to produce bone tissue engineering scaffolds to produce
a single material with two different morphologies (nano and micro patterns) having a
desired bone anatomy, defect morphology, and size. In this approach, the nanofibers
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are deposited directly on the 3D-printed patterns by electrospinning. This approach can
be divided into two coatings, viz., the outer surface of the final product consisting of
layers with electrospinning or coating the interlayers with electrospinning after each
layer. Another basic approach is to homogeneously disperse pre-manufactured electro-
spun fibers in a polymer solution/melt, and then scrape the fiber-polymer combination
with 3D printing. Although many other applications are considered, to limit the scope,
a review of potential biomedical-related applications is presented below.

Since the aspect described here is relatively new, the authors continue to research
ways in which the proposed combinatorial approach can be used for other applications,
such as critical infrastructures, defense and security, filtration, and drug encapsulation.
Lastly, our efforts are also directed toward 3D-printed tissue engineering constructs
developed based on the fundamental characteristics of biodegradability, biocompatibil-
ity, and rapid prototyping. In addition, with an aging population, increased traffic world-
wide has increased the probability of traffic accidents, sports injuries, and other similar
procedures, physical augmentation using prosthetics, Osseointegration, and bionic and
robotic prosthetic limbs are gainingmuch attention in giving amputees full restoration of
their lost limbs. Strategic integration of 3D printing coupled with electrospun nanofibers
provides a range of applications in various stages of recovery and integration for human
performance augmentation efforts. The effort has special application for wounded war-
riors returning from the battlefield, where injuries are severe and different for different
patients. During the COVID-19 crisis, the acquisition of personal protective equipment
(PPE) has become ever more critical. While face masks, face shields, hand-held saniti-
zation mounts, etc. have become essential commodities, several designs have appeared
in the market and some creative, homemade PPEs have also been observed. In addition,
the COVID-19 pandemic also cast a spotlight on ventilators to sustain breathing during
surgery or during the condition of hyperinflated lungs, ventilator pumps air—usually
with extra oxygen—into patients’ airways when they are unable to breathe adequately
on their own. Due to immense shortages, 3D-printed designswerewidely prototyped and
used by several people. Other PPEs are also feasible using 3D printing while electrospun
nanofiber-based membranes provide filtration from air-borne contaminants, germs, and
viruses.

5 Conclusions and Future Directions

The strategic and hierarchical integration of electrospinning and 3D/4D or additive pro-
cessing is a relatively new and upcoming field of studywith yet unexplored potential. Our
research group and several other researchers are continuing to study this straightforward
yet comparatively newmethod to successfully conjoinmats of nanofiber with 3D-printed
structures, substrates, or scaffolds to make functional prototypes for a variety of appli-
cations as proof-of-concept visualizations. As noted earlier, there is a vast spectrum of
applications that span from aviation, automobile, defense, water filtration, sensors for
structural healthmonitoring, and sports, however, the scope of this investigation is within
the context of biomedical applications, such as. Tissue-engineered scaffolds, prosthetics,
wound dressing, and wearable textiles for health systems monitoring.
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Abstract. Spectral imaging – acquisition of images at specific spectral intervals
- is a powerful tool for optical diagnostics, providing objective quantitative data
on various clinical parameters, e.g. abnormal content and distribution of chro-
mophores in pathologic tissues. The narrower are spectral bands of imaging, the
better is performance of diagnostics; from this point, triple laser line illumina-
tion has a potential to ensure excellent spectral selectivity of imaging. This study
aims at development and validation of RGB laser-fiber based technologies for
high performance spectral imaging of skin and mucosa malformations. Our pre-
vious knowledge on skin malformation’s spectral line imaging is extended to the
whole-body spectral imaging and endoscopic narrowband imaging of mucosa.
Design features of two demo-setups ensuring simultaneous illumination of the
target tissues by laser lines 450 nm, 520 nm and 638 nm are discussed. Results of
laboratorymeasurements confirm applicability of RGB laser line spectral imaging
technology for improved optical diagnostics in dermatology and endoscopy.

Keywords: spectral imaging · skin diagnostics · endoscopy · multi-wavelength
lasers

1 Introduction

Spectral image is an image of target within a specific wavelength band. Spectral imag-
ing refers to a group of analytical techniques that collect spectroscopic information and
imaging information at the same time. The spectroscopic information tells us about the
chemical makeup at the individual points of the image (pixels) allowing a chemical map
of the imaged area to be produced [1]. In a general sense “spectral imaging” implies
spectrally resolving the process of imaging, either by spectrally refining the illumina-
tion source, or detecting the light from the object in a spectrally resolved fashion. The
widely used multi-spectral and hyper-spectral imaging technologies are mostly based
on sequential capturing of relatively broad-band spectral images, each of them within
the range of 10…40 nm [2]. Sequential acquisition of the spectral image set may last
from several seconds to a minute or longer [2], so movements of the target area (e.g.,
in-vivo tissue) during the procedure can cause significant image artefacts to be corrected
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afterwards. Besides, the shapes of selected spectral bands must be considered during
the image processing, which may cause additional problems, e.g. when the distribution
maps of absorbing pigments (chromophores) from the sets of spectral images are cal-
culated [3]. Obviously, both acquisition time of the spectral image set and the spectral
bandwidth of each image have to be minimized. Ultimate performance can be achieved
if the set of narrow spectral line images is obtained by a single snapshot, a technique
called “snapshot multi-spectral-line imaging” or SMSLI [4]. In this case spectral line
images are obtained under uniform illumination of the target simultaneously by several
spectral lines, at a condition that the image sensor system has the corresponding number
of spectral sensitivity bands. Standard RGB color cameras, as example, can record three
spectral line images by a single snapshot if illumination comprises three spectral lines,
each of them positioned within one of the detection bands (R, G or B) [5]. Spectral
line imaging under illumination provided by three different lasers has been successfully
applied for remote distributionmapping of threemain skin chromophores (melanin, oxy-
hemoglobin and deoxy-hemoglobin) in a number of cutaneous malformations [6, 7]. A
similar approach was recently implemented by using an integrated “3 in 1” RGB laser
module that emitted simultaneously 3 spectral lines in the blue, green and red regions
of visible spectrum [8]. Uniform illumination of the examined skin region was ensured
by means of a laser coupled side-emitting optical fiber loop [9, 10].

This study extends our previous research on local-area skin spectral line imaging [3,
6, 7] to the larger area or whole-body spectral imaging and to the endoscopic imaging.
Two prototype setups for those applications are being developed and tested. Design
details of the prototypes exploiting simultaneous triple spectral line illumination of the
target tissues by means of RGB lasers are presented, along with the first experimental
results.

2 Large-Area Skin Imaging Setup with RGB Laser Illumination

Full-body (or whole-, total-body) imaging systems recently have gained attention in
dermatology as efficient tools for melanoma detection and monitoring [11]. Contrary to
classic investigations focused on a particular lesion, when a single image is taken using
a dermoscope or a high-quality camera, such systems capture several photographs of the
whole body, which allows not only lesion detection, but also the possibility of comparing
images acquired at different times. Several advanced (and correspondingly expensive)
whole body imaging systems are commercially available - see [12] as example. Still, the
conventional full body imaging provides a lot of clinically unnecessary information thus
spending inefficiently the imaging/computing resources, as only specific body location
in many cases should be regularly monitored, e.g. the whole back of the patient. Another
issue of potential improvements is the spectral content of illumination – most of the
existing systems [11] use broadband white light sources so limiting the possibility to
extract characteristic spectral features of images for more advanced diagnostics.

We are developing a simpler and less expensive setup for multi-spectral imaging of
either full body or a selected large area of patient’s skin under triple laser line illumi-
nation. The proposed light source enabling uniform illumination simultaneously by the
450 nm, 520 nm and 638 nmwavelengths is a tangled side-emitting optical fiber with 600
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Fig. 1. The planar RGB illuminator - tangled side-emitting optical fiber (a) and an example of
high-resolution skin color image obtained under such illumination (b).

micron silica core (Fig. 1,a). Fiber is coupled via a standard SMA connector to the 3IN1
RGB High Power 3 W White Laser (NaKu Technology Co. Ltd, CN; emission power
up to 1W at each wavelength). This light source provided 115 Lx illumination at 65 cm
distance, estimated as optimal for the proposed application. Longitudinal uniformity of
the side-emitted intensity was enhanced by a micro-reflector mounted at the distal end
of fiber [13, 14].

High resolution 61-megapixel RGB camera Sony a7R IVA with the Sony
SEL2470GM, F2.8 G Full Frame Standard Zoom Lens was used for skin image acqui-
sition under this specific illumination. After optimizing the camera exposure time and
ISO, reasonable quality color images of skin malforations sized down to 1 mm were
obtained at the camera-body distance of 70 cm (Fig. 1,b). Three spectral line images at
450 nm, 520 nm and 638 nm were extracted from each of the obtained RGB images [5],
with further distribution mapping of three main skin chromophores over the examined
malformations by a procedure described in [6] – see two examples on Fig. 2.

In particular, a system of threemodifiedBeer-Lambert equations comprising concen-
trations and absorption coefficients of these three chromophores at each of the working
wavelengths was composed and solved for each pixel of the image. Relative spectral sen-
sitivities of the camera at three exploited wavelengths were determined experimentally
[15].

Our single-camera concept of this system proposes capturing several images of the
body at appropriate positions of the camera thus obtaining a set of full-body spectral
images within tens of seconds. If only one specific large-size area of the body is under
interest, the procedure’s time is correspondingly reduced.

3 Endoscopy Imaging Setup with RGB Laser Illumination

Filtering relatively narrow (tens of nanometers) spectral bands out of thewhite light endo-
scopic illumination facilitates contrast of specific tissue features in endoscopy images;
the NBI (narrow band imaging) technique has been widely used over the recent years
[16]. Introduction of the SMSLI technology in endoscopy could considerably improve
the spectral selectivity (color sensitivity) by narrowing the imaged spectral bands down
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Fig. 2. Distribution maps of melanin (Mel), oxy-hemoglobin (HbO) and deoxy-hemoglobin
(HbD) relatively to the surrounding healthy skin for two malformations of a volunteer, presum-
ably nevus (a) and hemangioma (b). The maps were calculated from data of large-area skin color
photo taken under the RGB laser-fiber illumination at 70 cm distance. Units of the color scale are
milimoles.

to the laser linewidth. It could also open new possibilities of quantitative diagnostics
of mucosa by mapping its chromophores. RGB lasers already have been exploited for
endoscopic illumination to replace the traditional white light sources for color imaging
[17, 18]. To the best of author’s knowledge, snapshot acquisition, extraction and analysis
of endoscopic spectral line images under RGB laser illumination have not been studied
so far.

Fig. 3. The endoscopy setup with RGB laser illumination.

To fill this gap, two design options for endoscopic illumination by medium-power
RGB laser with multimode fiber output were considered and tested. For this purpose, the
RGB300mWWhiteLaser (NaKuTechnologyCo. Ltd,CN) emittingmanually adjustable
power up to 100 mW at each of the 450 nm, 520 nm and 638 nm wavelengths was
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accessible. The endoscopewas STORZRhino-Laryngo-Fiberscope, model 11001RDK1
comprising the working channel of 1.5 mm diameter and the RGB camera TH110.

The initial option was to illuminate the target via flat-end 400-micron silica core
optical fiber of external diameter 0.8 mm and numerical aperture 0.37 (LU-04.2023,
Lightguide, LV ), attached to the laser by SMA connector and inserted into the working
channel of endoscope.Experimental tests confirmed theviability of this approach–bright
and relatively uniform illuminated spot was achieved at the target area of endoscope.
However, two problemswere identified – relatively narrow output beam and risks related
to fiber tip sterilization during routine exploitation. They might be solved by deposition
of some highly resistant biocompatible light diffusing layer on the polished top of the
fiber, which requires an additional study.

Alternatively, the second option – launching the RGB laser light into the input of
the built-in illumination channel of endoscope, so avoiding problems with output light
shaping and sterilization of the tip – was considered. We used 2 m long metal- armored
multimode fiber with 100-micron silica core (NA = 0.22) and SMA connectors at both
ends.One of themwas connected to theRGB laser output and the other – to the endoscope
lighting channel input via a home-made adaptor (Fig. 3). Illumination of 5600± 100 Lx
at 10 mm distance from the distal end of endoscope was ensured at total output power
of 2 mW (equally distributed between the three laser lines).

Fig. 4. The red laser beam image without (left) and with (right) vibro-motor attached to the
delivery fiber.

This design option appeared advantageous, but one more challenge was faced –
grainy laser speckle patterns appeared in the recorded images. As a solution, part of the
delivery fiber was trembled by a smartphone vibro-motor with 100 Hz frequency, so
“smearing” the speckle grains [19]. Notable improvements were achieved – see Fig. 4
for illustration.
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4 Conclusions

To summarize, results of this study confirmed a promising potential of the RGB laser-
based illumination systems for high performance spectral imaging in clinical derma-
tology and endoscopy. We demonstrated that side-emitting fibers are well-suited for
uniform large-area skin illumination simultaneously by three laser spectral lines, with
subsequent mapping of chromophores in the examined malformations. A simple option
for RGB laser illumination of internal cavities via the built-in lighting channel of fibro-
endoscope was proposed and tested, allowing further extension of the triple spectral line
imaging methodology to endoscopic diagnostics.

Thework in this directionwill be continued.Weaimat the development of completely
automated multi-stage full body spectral line imaging system affordable for small and
medium-sized dermatology clinics and GP-offices. In the field of spectral line imaging
for endoscopy, future studies will be focused on the mucosa laser safety issues and
development of specific algorithms for processing of internal cavities’ spectral images.
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Abstract. This study aimed to investigate the dependency on age of in vivo human
grey and white matter electrical conductivities. Most of the related previous stud-
ies were conducted using in vitro animal tissue samples, and it has been assumed
that these measurements could indicate age-related dependencies of living human
gray and white matter. Electrical conductivity measurements were taken from the
surgical channel during 13 brain surgeries from patients aged from 4 to 87 years
using a needle electrode with a measurement frequency of 50 kHz. Our results
indicated that therewas no significant linear correlation between age and graymat-
ter electrical conductivity (R2 was 0.1095) or white matter electrical conductivity
(R2 was 0.0149) within the patient age range and used measurement frequency.
The collated results indicate that age dependency of gray matter conductivity can
be observed at a very young age (near newborn age) and that white matter con-
ductivity dependency can be observed at higher frequencies. The conductivity
information may have implications for specific absorption rate (SAR) and source
localization calculations and simulations with subjects of different ages and with
different frequencies.

Keywords: Tissue conductivity ·White matter · Gray matter · Age dependency

1 Introduction

Digital head models and simulations having brain tissue electrical conductivity data are
used for several purposes, for example, in the planning of treatments using transcranial
direct-current stimulation [1] or radiofrequency-induced hyperthermia [2]. In addition
to the accuracy of the geometry [3], the accuracy of used brain tissue electrical con-
ductivity values is an important component of simulation models that affects the source
localization outcome [4, 5].

It is evident that there are anatomical and geometrical differences between the heads
of children and adults, but the possible age dependencies of the electrical conductivities
of gray and white matter should also be investigated and, if found, used to improve
modeling. The underlying question is whether age dependency needs to be considered,
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in addition to the model dimensions, when preparing electrical conductivity models for
different age groups.

Most of the related previous studies were conducted in vitro with electrical conduc-
tivity measured in tissue samples. Measurements taken from animal tissues have been
considered to indicate human brain tissue age-related conductivity. Some researchers
have concluded that gray matter conductivity is age dependent [6, 7], others that white
matter conductivity is age dependent [8–10], and still others that neither is age dependent
[11].

The electrical properties, i.e., the relative permittivity (ε) and the conductivity (σ) of
tissues depend on frequency. For a typical soft tissue, different mechanisms dominate
at different frequency ranges [12]. The electrical properties change with frequency in
three distinct steps, known as alpha (α), beta (β) and gamma (γ) dispersions [13, 14].
This causes variations across the measurement frequency spectrum. Different frequency
ranges are of interest when the aim is to model sources of EEG activity or exposure to
wireless networks or mobile phones. Since all bioelectrical sources produce frequencies
below 1 kHz, a low measurement frequency is necessary for source localization mod-
eling. On the other hand, cellular and other wireless networks operate in the gigahertz
region, so a high measurement frequency is necessary for modeling exposure to them.

Electrical conductivity measurements should be taken from living tissues because
brain tissue conductivities decrease after death [8, 15]. Physiological changes have a
greater effect at the lower frequencies in the α dispersion region [16] than at the higher
frequencies in the γ dispersion region, where the measurement results depend more on
the tissue water content [17, 18].

In vitro measurements are sometimes taken at room temperature rather than at body
temperature. Similar to other tissues, the electrical conductivities of brain tissues are
temperature-dependent, and the temperature of the samples affects the results [19]. Thus,
the results are affected by whether the measurements are performed in vivo or in vitro,
the frequency used and the tissue temperature.

This study aimed to investigate the age dependencies of humanwhitematter and gray
matter electrical conductivities by in vivomeasurements during brain surgery using a low
measurement frequency. In the discussion, we compared our in vivo results to previously
reported data on white matter and gray matter conductivities. The collated results and
the contradictory statements with their possible reasons are discussed.

2 Material and Methods

Measurements were taken from living brain tissues during surgeries with a monopo-
lar needle electrode. The measurement system used was the FL Fischer Neuro N50
electrosurgical unit. The Neuro N50 has an impedance measurement function and uses a
sinusoidal 50 kHz 2μA current for the impedance measurements. The measurement fre-
quency was low enough to make the assumption that only the real part of the impedance
was present in the measurements. The measurement range of the Neuro N50 is 0–2,040
ohms, which is suitable for intracranial tissue measurements. The active electrode was a
TCU301 inside a guide cannula with a 2 mm exposed tip. A 130 cm2 disposable refer-
ence electrode was usually placed on the patient’s hip area. The main advantage of this
measurement system is that it can be used in an operating room environment.
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Prior to taking measurements, the linearity and possible baseline error of the equip-
ment were tested for calibrated measurement results. For this, liquids of known conduc-
tivity and a set of known resistors were used. Then, the conductivity of the saline wash
to be used during the surgeries was measured to determine the effect of the surrounding
human body on the measurements.

Brain tissue measurements were taken from 13 patients aged 4 to 87 years. The
surgeries were scheduled to remove lesions. The tissue conductivity measurements were
not part of the standard lesion removal procedure. The number of measurements taken,
and the number of different tissues measured in each patient depended on the surgical
path. Gray matter conductivity was measured in 13 patients (1 to 6 measurements per
patient), andwhitematter conductivitywasmeasured in 8 patients (1 to 12measurements
per patient). During the operations, the saline wash (with known conductivity from the
calibration measurements) was also measured, and this information was later used to
calculate the gray and white matter conductivity values. The protocols were approved
by the ethical council of Tampere University Hospital.

3 Results

The patient ages and the average values of white and gray matter conductivity in S/m
are shown in Table 1. Based on the low 50 kHz measurement current, it was assumed
that only the real part of the admittance was present in the measurement.

Table 1. Patient ages and the average of measurement results for white matter (WM) and gray
matter (GM) conductivity in S/m. If the surgical path did not go through white matter, no mea-
surements were taken from it; therefore, the white matter value was not available. This is indicated
in the table with “-”.

Patient # 1 2 3 4 5 6 7 8 9 10 11 12 13

Age (years) 4 32 33 48 49 54 61 61 63 70 73 75 87

GM (S/m) 0.77 0.58 0.21 0.43 0.26 0.27 0.19 0.21 0.39 0.28 0.47 0.51 0.52

WM (S/m) – 0.29 0.20 0.40 0.32 – 0.23 – 0.21 0.38 0.26 – –

Linear regression analysis using Excel was performed to test whether age signifi-
cantly predicted the measured tissue electrical conductivity value. Figures 1 and 2 show
the measured values and age with regression best-fit lines for gray matter and white
matter, respectively. The figures also show the coefficient of determination (R2), which
is the proportion of the variance in the dependent variable (electrical conductivity of the
tissue) that is predictable from the independent variable (age).

The linear regression results indicate that the predictor (age) explains 11% of the
variance in gray matter conductivity (R2 was 0.1095) and 1.5% of the variance in white
matter conductivity (R2 was 0.0149). Based on the measurements and analysis, there
was no significant linear correlation between age and gray matter or white matter in vivo
conductivity within the age range of 4 to 87 years in humans at a frequency of 50 kHz.
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Fig. 1. Gray matter electrical conductivity versus age with linear regression best-fit line and
coefficient of determination (R2).
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Fig. 2. White matter electrical conductivity versus age with linear regression best-fit line and
coefficient of determination (R2).

4 Discussion

The lack of significant linear age dependency of brain tissues found in this study is
consistent with the findings in [11], where the coefficient of determination R2 was 0.01
for white matter conductivity and R2 was 0.17 for gray matter conductivity. Compared
to the age range of 83 years in this study, the age range in [11] was significantly narrower
at 34 years (16 to 50 years old), and all their participants sat well inside our age range.
Measurements from very young patients, i.e., from newborn to two years were not taken
in either the current study or in [11].

Conductivity measurements have been taken from newborn or nearly newborn gray
matter excised from mouse and rat brains [6, 7]. In these in vitro studies, groups of mice
aged 3, 5, 19, 26, 33 and 58 days were used [6], and groups of rats aged newborn (less
than 24 h old), 10, 20, 30, 50 and 70 days were used [7]. Measurements were taken
immediately or two to four hours after excision. The three-day- and five-day-old mouse
groups showed different conductivities from each other and the rest of the age groups.
The 19-, 26-, 33- and 58-day-old mouse samples showed a similar conductivity, and
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the authors reported that 19- and 58-day-old mice showed a 95% confidence interval in
their dielectric parameters with measurement frequencies below 1 GHz. This is in line
with the cerebral cortex of a mouse reaching maturity 16–17 days after birth [6]. In the
rat brain, the largest variations were also observed at the younger end of the age range,
between the ages of newborn, 10 and 20 days [7]. The measurements were taken with
frequencies ranging from 10 MHz to 5 GHz [6] and from 130 MHz to 10 GHz [7].

Other studies have examined brain tissue conductivity age dependence in larger ani-
mals and have used age groups from young animals to adults. In [8], female greyhounds
were placed into four age groups: 20+months, 30+months, 40+months and 80+months.
The 30+ month and 40+ month groups were considered to be fully grown adult dogs.
The measurements were taken immediately after extraction or within 24 h of extraction
with a measurement frequency ranging from 300 MHz to 3 GHz. In [9], measurements
were taken from freshly excised tissues from two age groups: 16–24 months old bovine
(i.e., adult) and 4–6-month-old calves (i.e., young animals). Measurements were taken
within eight minutes of the animals’ death with a frequency range from 400 MHz to
18 GHz. In [10], measurements were taken from pig tissue samples with approximate
ages of 30, 100 and 600 days, an age range considered to cover different developmental
stages from piglets to mature animals. Measurements were performed with a frequency
range from 50MHz to 20 GHz. In all three of these studies, the gray matter conductivity
did not show a significant change with age across the frequency ranges used. However,
in all three studies, the white matter conductivity showed a systematic decrease with
age, especially between the youngest and oldest groups in every study. For example, in
[9], the mean value of white matter conductivity was 15–22% higher in the young group
than in the adult group. In these studies, the measurement frequency range was again
mostly within the γ dispersion range, and therefore, the results should correlate with
tissue water content.

Table 2 summarizes the results of the previous studies that were reviewed above and
the results of the current study. Together, these earlier studies and our measurements
reveal that gray matter conductivity is reported to be age dependent in some studies [6,
7], other studies report that there is age dependence in white matter but not in graymatter
conductivity [8–10], and some studies report that there is no age dependence in either
[11].

The contradictory results may well be due to the different age ranges and brain
maturity levels of the subjects. For humans, the brain reaches 80–90% of adult volume
in the first two years [20], and the increase in volume is mainly a result of gray matter
growth.

According to the collated results, it seems that gray matter conductivity age depen-
dence can be observed in near newbornmeasurements and white matter conductivity age
dependency at higher frequencies where the tissue water-content-related γ dispersion
contributes to the result. This means that the age dependency also depends on the mea-
surement frequency. In very young human brains, there could be age dependence of gray
matter conductivity based on animal measurements and our one pediatric measurement.
However, more human data is needed to verify this.

Most of the measurements in previous studies [6–10] were taken from in vitro tissue
samples, and some researchers assume that these measurements give an indication of
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Table 2. Observed age dependence in the current study and in selected previous studies. N in the
measurement conditions column indicates the number of subjects. It is indicated in the age range
column if the subjects were grouped, and in those cases, the average group results are reported
instead of individual subject values.

Author and
Reference

Gray matter
conductivity
age
dependence

White matter
conductivity
age
dependence

Species Age range Measurement
conditions and
frequency

Thurai et al.
1984 [6]

Yes,
conductivity
decreased
with age

Not measured Mouse 3 to 58 days, 6
ages with
multiple
specimens in
each age

Tissue samples
N = 18
10 MHz to
5 GHz

Peyman et al.
2001 [7]

Yes,
conductivity
decreased
with age

Not measured Rat 0 to 70 days, 6
ages with
multiple
specimens in
each age

Tissue samples
N = 18
130 MHz to
10 GHz

Mohammed
et al. 2016
[8]

No significant
differences
were observed

Yes,
conductivity
decreased
with age

Greyhound
(female)

20 to
81 months,
divided in 4
age groups

Tissue samples
N = 12
300 MHz to
3 GHz

Schmid &
Überbacher
2005 [9]

No significant
differences
were observed

Yes,
conductivity
decreased
with age

Cattle 4 to
24 months,
divided in 2
age groups

Tissue samples
N = 52
400 MHz to
18 GHz

Peyman et al.
2007 [10]

No significant
differences
were observed

Yes,
conductivity
decreased
with age

Pig 35 to
600 days,
divided in 3
age groups

Tissue samples
N not available
50 MHz to
20 GHz

Koessler
et al. 2017
[11]

No significant
differences
were observed

No significant
differences
were observed

Human 16 to 50 years,
individual
values

In vivo
N = 15
50 kHz

The current
study

Inconclusive,
more data
needed

No significant
differences
were observed

Human 4 to 87 years,
individual
values

In vivo
N = 13
50 kHz

age-related dependencies of in vivo electrical conductivities of gray and white matter.
However, it is not yet evident whether the results obtained in animals accurately reflect
the human situation for brain tissue conductivity age dependency. Until such evidence
is clearly presented, transferring animal results to human models must be done with
caution. Some studies [6–9] have considered different types of age matching, which
may be relatively easy with newborn and adult tissues but more difficult with tissues at
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ages in between (i.e., youth). Different stages of development, such as reaching sexual
maturity, have also been used to enable comparison of other animals with humans [9].

More data are needed from aging brain tissues to definitively determine whether
there are age dependencies in the brain tissue conductivities at the higher end of the
age spectrum. More data are also required from the younger end of the age spectrum to
investigate ages that correlate with the developmental stage of humans under two years.
Since different brain regions develop at different rates, it is critical that the measurement
site is also taken into account when analyzing age dependency.

Unfortunately, previous studies [6–9] often present their results in graphs and do not
report numerical data. Several papers [8–10] have also used age groups or averages in
reporting the results, which smooths the results and reduces the number of reported data
points.

5 Conclusions

Our data derived from living human brain tissue did not show a statistically significant
dependency of conductivity on age within the study’s age range (i.e., from 4 to 87 years)
and with a measurement frequency of 50 kHz. Our results do, however, suggest a slight
decrease in graymatter conductivity with age, which is in accordance with earlier human
studies. Animal studies using tissue samples and higher frequencies (fromMHz to GHz)
have suggested that gray matter conductivity is age dependent at a very young age and
that white matter conductivity is age dependent when the water content of the tissue
decreases with age.

Our methodology has thus far not been applied in other studies. A larger number
of human subjects is necessary to definitively determine the conductivities of brain
tissues, preferably at different measurement frequencies. Such data would improve the
accuracy of for example specific absorption rate and source localization calculations and
simulations.
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Abstract. During their school years, modern children experience a significant
amount of stress on their visual system due to reading, writing, and extensive use
of digital devices at close distance. Therefore, there has been a growing discus-
sion in recent years the importance of assessing near visual functions during vision
screening in school-aged children. This is because uncorrected refractive errors
and near vision problems can negatively impact children’s academic achievements
and behaviour. As the first sign of near vision fatigue is an inappropriate func-
tioning of eye accommodation and vergence system, our aim was to develop a
vision screening and training tool-prototype that can identify children with near
vision problems, provide treatment,monitor progress, and collect and store data on
vision training. To achieve this aim, we have developed a prototype of a lens-filter
device (LFD), computer program, and methodology to ensure accurate perfor-
mance of vision tests and training. We conducted a pilot study in a laboratory
setting to evaluate the effectiveness of our prototype. A total of 75 subjects (aged
22 ± 5 years) were tested to evaluate repeatability and validity of near vision
screening tests performance. Of these subjects, 22 (aged 22 ± 2 years) used our
training tool to improve vergence performance. Based on results obtained, our
vision screening and training tool provides reliable results and is comparable to
optometric tests. Our vision screening and training tool can be useful for vision
care specialists who deal with children’s vision problem, and it is user-friendly,
even for non-specialists.

Keywords: Children · Fusional Vergence Amplitude · Vergence Facility · Vision
Screening · Vision Training

1 Introduction

In recent years, there has been increasing amount of the literature on the shortcomings
of the vision care system in school-age children [1–3]. Vision screening is crucial for
the preventive assessment of visual functions in children who do not complain of visual
impairment [4], especially since children under 12–13 may not understand their vision
problems and may not complain about them [3, 5]. This issue is of utmost importance, as
the visual workload of modern school-aged children is associated with not only reading
and writing, but also the use of a wide range of digital devices at close distances, both in
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the educational process and for leisure [6–8]. This high near visual effort is associated
with an approximately 40% prevalence of myopia in school-aged children worldwide
[9, 10]. Furthermore, it is noted that the number of school-aged children with near
vision impairment reaches 39% [11]. Since uncorrected refractive errors and near vision
problems negatively impact children’s academic performance and behaviour [3, 12],
there has been a growing discussion in recent years about the importance of assessing
near visual functions during vision screening in school-aged children [3, 11, 13].

Technological advances have led to the introduction of computerized screening
equipment and programs in eye care practices, which enables a wider range of visual
functions to be tested in shorter time [3, 14]. These programs include not only dis-
tance visual acuity testing but also screening for near visual function [15], as the first
sign of near vision fatigue is an improper functioning of eye’s accommodation and ver-
gence system [11, 13]. However, these computerized programs rarely assess full range
of accommodation and vergence functions [15, 16]. Vision therapy is the most effective
method for treating accommodation and vergence disorders [17]. In recent years, com-
puterized programs have been widely and successfully used to improve accommodative
and vergence performance [18–20]. Therefore, our aimwas to develop a vision screening
and training tool that can identify children with near vision problems, provide treatment,
monitor progress, and collect and store data on vision training, while being easy to use
by non-specialist.

2 Method

Fig. 1. The head-mounted module of the
upgraded vision screening and training
prototype.

In 2013, our department developed and tested
the first computerized prototype and method-
ology for screening of vision in school-aged
children. The manual screening methodol-
ogy was tested on 11,000 school aged chil-
dren [21]. The next step was to improve
computer-based algorithm (including visual
stimuli and additional accessories) was spe-
cially designed to identify children with near
vision problems. In 2022, our scientific team
has upgraded the program and methodology,
resulting in the development of a comprehen-
sive vision screening and training tool (see
Fig. 1).As a result,wehavedeveloped avision
screening and training tool. This tool includes
a lens-filter device (LFD) prototype, a com-
puter program, and a methodology that ensures accurate performance of vision tests and
training. The LFD synchronizes the generation of visual stimuli with the replacement
of lenses or filters (see Fig. 2), while the computer records subject responses, performs
data processing, and provides conclusions and recommendations for further monitoring.
Our vision screening and training tool is adaptive and can be calibrated to work on a any
computer.
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To evaluate the effectiveness of our prototype vision screening and training tool, we
conducted a pilot study in a laboratory setting. Our analysis focused on the repeatability
and validity of near vision functions (at 40 cm) including accommodation, heterophoria,
stereovision, and vergence performance. We studied a group of 75 subjects (aged 22 ±
5 years), and repeatability was evaluated on three consecutive measurements. Reliability
was assessed in comparing our tool’s results to those obtained using standard optometric
tests. To determine the sensitivity and specificity of the algorithm used by our tool to
provide conclusions on the visual system condition, we compared the results to accept
norms and recommendations for further monitoring.

Fig. 2. Stages of operation and sequence of replacement of the lenses and filters of the vision
screening tool.
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Our developed tool enables users to perform exercises that can improve their accom-
modation and vergence performance. To test the effectiveness of our vision training tool,
we conducted a study 22 subjects with an average age of 22± 2 years. Standard optomet-
ric tests were used to assess vergence performance before and after training. Data was
analysis was carried out using Microsoft Excel Data Analysis ToolPak (version 16.0)
and SPSS 28.0 (SPSS Inc., Chicago, IL, USA).

3 Results

3.1 Repeatability and Validity of Vision Screening Tests

Our study found that all computerized tests of near vision functions had good repeata-
bility over three consecutive measurements. In addition, we conducted a Received-
Operating Characteristic (ROC) analysis for the developed near tests to determine their
sensitivity, specificity, and area under the ROC curve (AUC) (p< .001). Table 1 presents
the manual test-based norm of each visual function, along with the repeatability and
specificity calculated for computerized vision screening using the manual tests norms
as reference.

Table 1. Repeatability and validity were assessed for each visual function in the study sample
(n = 75). Norms for the standard manual optometric tests are cited from Scheiman & Wick [17].

Visual function Repeatability
(ANOVA,
p-value)

Norms of
standard
optometric tests
(mean ± SD)

Sensitivity (%) Specificity (%) AUC

Binocular
accommodative
facility

.25 10 ± 5 cpm 86 85 .851

Stereoacuity .32 60 ± 20 arc sec* 37 88 .623

Heterophoria .76 3 ± 3 pd
exophoria

64 77 .703

Vergence
facility

.09 15 ± 3 cpm 63 66 .643

Uncrossed
fusional
vergence
amplitude

.87 13 ± 6 pd 100 62 .810

Crossed fusional
vergence
amplitude

.31 19 ± 9 pd 20 90 .549

* Norm of stereoacuity is cited from Steinman et al. [22].

After analysing the quality of our developed tests using AUC, we have concluded
that the uncrossed fusional vergence amplitude and accommodation facility tests have
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very good accuracy. The heterophoria test has good accuracy, while the stereoacuity and
vergence facility tests have medium accuracy. However, the crossed fusional vergence
amplitude test showed unsatisfactory accuracy.

3.2 Validity of Vision Screening Algorithm

Based on the varying validity of tests for assessing near vision function, we have devel-
oped an algorithm for identifying patients with ocular muscle balance disorders. The
algorithm determines whether a patient’s results correspond with accepted norms, and
recommends a full vision examination if at least of the following conditions is met:

• Decreased accommodative facility
• Heterophoria outside the norm
• Decreased vergence facility and decreased uncrossed or crossed fusional vergence

amplitude
• Decreased vergence facility and low stereoacuity
• Low stereoacuity and decreased uncrossed or crossed fusional vergence amplitude

Following the analysis of our findingswith a computerised vision screening program,
we created our own algorithm to identify cases where a child has failed the vision
screening and requires a comprehensive eye examination. Table 1 displays the individual
norm for each visual function. In our analysis, we considered the possibility that the child
may have failed the screening due to multiple visual functions falling outside the norm.
We then evaluated the sensitivity and specificity of the computerised vision screening
using manual tests. ROC analysis of our computerized vision screening algorithm shows
high sensitivity (91%) and specificity (82%), with a very good accuracy (AUC = .865,
p < .001). Figure 3 shows the ROC curve of developed vision screening algorithm.

Fig. 3. TheROCcurve displays the performance of a vision screening algorithm that compromises
several near vision functions. The algorithm is designed to identify patients with suboptimal
accommodation and vergence abilities, and it was tested on a sample of 75 subjects. The diagonal
segments on the ROC curve corresponds to ties in the data.
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3.3 Effectiveness of the Vision Training Tool

Our vision training tool has been shown to effectively improves vergence performance.
We have found that subjects with impaired vergence abilities experienced a statistically
significant increase in their vergence facility (M = 18.5 cycles per minute (cpm), SD
= 2.9) compared to their pre-treatment state (M = 15.2 cpm, SD = 2.0), t (21) =
3.74, p = .002. A statistically significant difference was observed in the uncrossed
fusional vergence amplitude after treatment (mean = 19.79 pd, standard deviation =
8.33) compared to before treatment (mean= 14.86 pd, standard deviation= 5.46), t(21)
= 2.43, p = .030. In addition, the statistically significant increase of crossed fusional
vergence amplitude was observed (M = 34.86 pd, SD = 7.15) compared with the state
before treatment (M = 31.57 pd, SD = 8.27), t (21)= 2.89, p= .013. Figure 4 displays
the mean values of the vergence performance tests before and after vision therapy.

Fig. 4. This study measured the mean values of vergence performance tests before and four
weeks after vision therapy, with sample size of n= 022. The results show a statistically significant
improvement in all tests of vergence Abbreviations on the chart: VF (before) – vergence facility
(cpm) before vision therapy; VF (after) – vergence facility (cpm) after vision therapy; UFVA or
CFVA (before) – respectively uncrossed or crossed fusional vergence amplitude (pd) before vision
therapy; UFVA or CFVA (after) – respectively uncrossed or crossed fusional vergence amplitude
(pd) after vision therapy.

4 Discussion

The widespread use of digital devices among preschool and school-aged children, along
with the drastic increase in screen time during the COVID-19 pandemic, has impacted
vision habits and the visual system [23]. Research has found that increased screen time
and limited outdoor activities [6, 24] are associated with myopia progression [9] and
dysfunction in accommodation and vergence [11, 25]. Moreover, vision impairments
can negatively affect children’s academic performance and behaviour [3, 12]. Vision
screening is a crucial tool for assessing visual functions, and recent advancements in
digital technology have made computerized programs and automated devices for vision
screening widely available [3, 13, 14].
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When designing the computer vision screening program, we took into account the
resolution of the computer screen and also the reproduction of visual stimuli, as well as
the use of colour filters. Unlike manual optometric tests, where real objects are used and
only prisms or lenses are used as additional accessories to assess visual function, the
previously developed norms cannot be 100% transferred to computer vision screening,
knowing that they affect visual parameters, e.g., stereoacuity is worse when assessed
by a test using colour filters [26, 27]. Our upgraded vision screening algorithm and
training tool provides reliable results and is comparable to optometric tests. The screening
tool showed high sensitivity (91%) and specificity (92%) in identifying subjects with
accommodative and eyemuscle cooperation problems. Compared to the previous version
of our computerized vision screening device, we have improved the diagnostic quality
of our tool (sensitivity 82%, specificity 77%) [21]. Furthermore, our developed tool
is more accurate in detecting visual skills problems than the popular VERA (Visual
Efficiency Rating) computerized vision screening protocol (sensitivity 45%, specificity
83%) [4, 16]. Our tool evaluates a variety of visual functions in about 15 min using a
lens filter device (LFD) consisting of two disks with lenses and colour filters, connected
to a computer and controlled by a computer program. The high repeatability and validity
of our vision screening tool are ensured by the LFD and computer program, which
synchronize the generation of visual stimuli with the replacement of lenses or filters.
Additionally, our instructions and visual information have been designed to make the
testing process easy to understand, and our prototype is user-friendly, even for non-vision
specialists.

Our tool’s innovation lies in its ability to combine vision screening with the option
of conducting vision training. Computerized vision training programs have been widely
and effectively used formany years [18–20], and our vision training tool can significantly
improve vergence performance (vergence facility and fusional vergence amplitudes) in
as little as four weeks of training.

This study focused on testing the upgraded prototype, validating the method, and
testing the vision training module. As the developed prototype has only been tested on
75 participants and under laboratory conditions, the next steps would include testing the
prototype in an appropriate setting, such as a school or a practice of a vision specialist,
and accordingly testing it with non-specialists, i.e., assessing whether the screening is
easy to perform. It can be used as a standalone training device, but our main goal is to
use it to identify near vision functions’ disorders, conduct training, and monitor progress
through subsequent screenings. The system records and stores answers, processes data,
and provides conclusions and recommendations.Our current efforts are focused on estab-
lishing standards for computer-based testing methodology and developing a reliable and
robust head-mounted tool for use in school settings. This requires rigorous research and
testing to ensure that the technology is accurate, efficient, and practical for widespread
implementation. In the future, we plan to develop a secure, cloud-based database for
vision care specialists to access subject visual function data.
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5 Conclusions

In conclusion, our study demonstrates that after four weeks of vision therapy, individuals
with impaired vergence abilities showed a statistically significant increase in both their
vergence facility and their crossed and uncrossed fusional vergence amplitudes. Our
enhanced vision screening and training tool provides reliable results and is comparable to
optometric tests. Our screening protocol accurately identifies individuals with vergence
issues, and our training program has been shown to effectively vergence performance.
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22. Steinman, S.B., Steinman, B.A., Garzia, R.P.: Foundations of Binocular Vision: A Clinical
Perspective. McGraw-Hill Education, Maidenhead (2000)

23. Rhodes, A.: Screen Time and Kids: What’s Happening in Our Homes? Detailed Report.
Australian Child Health POLL, Melbourne (2017)

24. Nagata, J.M., et al.: Screen time use among US adolescents during the COVID-19 pandemic:
findings from the adolescent brain cognitive development (ABCD) study. JAMA Pediatr.
176(1), 94–96 (2022)

25. Mohan, A., Sen, P., Shah, C., Datt, K., Jain, E.: Binocular accommodation and vergence
dysfunction in children attending online classes during the COVID-19 pandemic: digital eye
strain in kids (DESK) study-2. J. Pediatr. Ophthalmol. Strabismus 58(4), 224–231 (2021)

26. Momeni-Moghadam, H., Kundart, J., Ehsani, M., Gholami, K.: Stereopsis with TNO and
Titmus tests in symptomatic and asymptomatic university students. J. Behav. Optom. 23(2),
35–39 (2011)

27. Garnham, L., Sloper, J.J.: Effect of age on stereoacuity as measured by different types of
stereotest. Br. J. Ophthalmol. 90(1), 91–95 (2006)



Hemodialysis Optical Monitoring Toward
Greener Technology: A Potential for Water

Saving Dialysis Treatment

Liisi Leis1, Annika Adoberg1,2, Joosep Paats2, Jana Holmar2, Jürgen Arund2,
Deniss Karai2, Merike Luman1,2, Kristjan Pilt2, Paul Taklaja2, Risto Tanner2,

and Ivo Fridolin2(B)

1 North Estonia Medical Centre, J. Sütiste tee 19, 13419 Tallinn, Estonia
2 Tallinn University of Technology, Ehitajate tee 5, 12616 Tallinn, Estonia

{jana.holmar,ivo.fridolin}@taltech.ee

Abstract. Hemodialysis (HD) treatment of end-stage chronic kidney disease
patients is one of the most “resource-intensive” fields of medicine. To mark the
significance of the matter, the European Kidney Health Alliance has called for
action in connection with “the mutual impact of climate change on kidney health
and kidney care on ecology”. This study aimed to explore the potential for reducing
water consumption during hemodialysis treatments via patient-tailored treatment
using optical assessment of the essential markers - uremic toxins’ removal from
the patients’ blood.

Based on the comparison of standard and high flow hemodiafiltration treat-
ments, intradialytic uremic solutes’ reduction ratio improved from 9% (urea) up
to 16% (indoxyl sulfate) after increasing purified water consumption by 85% on
average. Personalizing HD treatment by utilizing the optical dialysis adequacy
monitoring feedback could potentially reduce water consumption up to 131 L and
save up to 1.22 kWh of electricity per dialysis based on the mean results of the
sample of 22 patients. Multiplying it by 5 million dialysis patients predicted for
2030 worldwide receiving three treatments per week, the decrease of the water
consumptionmay be 102.2million cubicmeters and electricity 951.6million kWh
per year.

A specially designed compact and robust on-line dialysis monitoring device
for on-line optical monitoring of uremic retention solutes in the spent dialysate
offers an opportunity to personalize dialysis through better adaptation of the treat-
ment according to the needs of the patients and considerably reduce the ecological
footprint of the treatment.

Keywords: personalized hemodialysis · optics of spent dialysate · uremic
toxins · urea · uric acid · β2-microglobulin · indoxyl sulfate · ecological footprint
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1 Introduction

Hemodialysis treatment of end-stage kidney disease (ESKD) patients is one of the most
“resource-intensive” fields of medicine. Up to 500 L of water, 7 kWh of energy are
needed, and more than a kilogram of medical waste is produced during each hemodial-
ysis treatment [1]. Considering that one hemodialysis (HD) patient needs the treatment
procedure three times per week (156 per year) and the prediction for HD patients’
prevalence in 2030 is 5 million [2], dialysis appears to significantly contribute to global
warmingwhile saving patients’ lives. Tomark the importance of thematter, the European
Kidney Health Alliance has called for action in connection with “the mutual impact of
climate change on kidney health and kidney care on ecology” [3]. Series of recommen-
dations are proposed to reduce the ecological footprint of hemodialysis treatment [4].
Among these, reducing water consumption is under discussion at the level of everyday
treatment practice, considering that the quality requirements for dialysis water are much
stricter in comparison with those for drinking water [5], accompanied with the higher
costs and energy consumption. This study aimed to explore the potential for reducing
water consumption during hemodialysis treatments via patient-tailored treatment using
optical assessment of the essential markers - uremic toxins’ removal from the patients’
blood.

2 Material and Methods

2.1 Patients

In total, 22 ESKD patients were enrolled in the study from the Centre of Nephrology at
the North Estonia Medical Centre (NEMC), Tallinn, Estonia (Table 1).

2.2 Treatment Settings

Each patient was observed during three different treatment settings using Fresenius
5008 dialysis machines with water supply from reversed osmosis (RO) machine AquaB-
plus 1000, both from Fresenius Medical Care, Bad Homburg v. d. Höfe, Germany. To
include large variety of treatment settings, the following dialysis modalities, dialyzers
and machine settings were applied (Table 2): (1) hemodiafiltration with standard set-
tings (stHDF), as used routinely for clinical care in NEMC; (2) low flux HD (lfHD)
with minimal dialysis settings; (3) high flow hemodiafiltration (hfHDF) dialysis settings
presuming maximum elimination of uremic toxins of all three main groups.

2.3 Sampling and Analyses

Sera samples were collected from the patients before their standard treatment. The levels
of urea and β2-microglobulin (B2M) in serum and dialysate samples were determined
with routine laboratory methods (SYNLAB Eesti OÜ, Tallinn, Estonia), uric acid (UA)
and indoxyl sulfate (IS) in both types of sampleswere determinedusinghighperformance
liquid chromatography as described earlier [6]. Patients were classified based on the
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Table 1. Clinical data of the end stage kidney disease (ESKD) patients. Numerical values are
given as a mean ± SD or as a median and interquartile range (Q1–Q3).

Entity of the Data Specification

Cause of ESKD Diabetes (4); Hypertension (8); Glomerulonephritis (3);
Tubulointerstitial nephritis (3); Renal carcinoma (2); Other (2)

Age (years) 55 ± 17

Gender M (17), F (=5)

Race, Caucasian (%) 100

BMI, kg/m2a 26.8 ± 5.8

BW, kga 81.5 ± 21.3

Ultrafiltration volume, mL 2565 ± 1190

Urinary volume, mL 0 (14 patients)
700 (335–825) (8 patients)

Serum total protein, g/L 62.8 ± 5.5

Hematocrit, %a 34.4 (3.5)

Serum calcium, mmol/La 2.25 (0.16)

Serum phosphorus, mmol/La 1.92 (1.63–2.29)

Dialysis access native fistula (15); graft (7)

Dialysis vintage, monthsa 23 (11–83)

spKt/Vureaa 1.47 (1.23–1.67)
a Assessed during standard treatment prescribed to the patients

Table 2. Dialysis treatment settings of standard (stHDF) and high flowhemodiafiltration (hfHDF)
and low flux hemodialysis (lfHD). The numerical values are given as mean ± SD.

Entity of the Data stHDF lfHD hfHDF

Substitution volume (Vs, L) 21.1 ± 3.1 0 ± 0 25.3 ± 2.8

Dialysis time, min 240 240 240

Blood flow, mL/min (Qb) 300.8 ± 12.7 200 ± 0 364.2 ± 27.1

Dialysate flow, ml/min (Qd) 470.8 ± 105.4 300 ± 0 800.0 ± 0.0

Dialyzer areaa, m2 2.0 ± 0.2 1.5 ± 0.0 2.2 ± 0.0

eKt/V urea 1.37 ± 0.31 0.94 ± 0.20 1.70 ± 0.35

Number of dialyses (N) 22 22 22
a Specification of dialyzers: Standard: FX800 (N = 8), FX1000 (N = 14), Low flux: Lo15 (N =
22), High: FX1000 (N = 22). All dialyzers had polysulfone-based membranes with the following
effective membrane area: 1.8 m2 (Helixone®, FX800), 2.2 m2 (Helixone®, FX1000), 1.5 m2

(Amembris®, Xevonta Lo 15)
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presence of uremic toxins in their serum and levels of elevated risk for all-causemortality
as the following: IS the reference level 23 μg/mL by Yamamoto et al. [7], and B2M the
reference level 32.2 mg/L by Okuno et al. [8]. Spent dialysate samples were collected
from the dialysate outlet of the dialysis machine at 7 min after the start of the session
and at the end of the session (240 min) during each dialysis session. UV spectra were
recorded with the UV-3600 spectrophotometer (Shimadzu, Japan) in the wavelength
range of 200–400 nm with the increment of 1 nm using a quartz cuvette with optical
path length of 5 mm. Fluorescence spectra were recorded with the spectrofluorometer
RF-6000 (Shimadzu, Japan) using the excitation wavelength range of 200–400 nm with
the increment of 5 nm and the emission wavelength range of 210–600 nm with the
increment of 1 nm. The bandwidths of 5 nm were used in both monochromators and the
used quartz cuvette had path length of 4 mm.

2.4 Data Processing

The results of the fluorescence measurement of dialysate samples were corrected con-
sidering the sample’s self-absorption of the exciting light (the primary inner-filter effect
[9, 10]. Optical models were trained based on the optical properties of spent dialysate
samples to estimate concentrations of the UA, IS, and B2M in spent dialysate samples.
Forward stepwise regression was used to choose up to three optical parameters – UV
absorbance in the wavelength range of 200–400 nm and fluorescence in the region of
excitation at 220–400 nm and emission at 220–600 nm– to generate regression models
with the best coefficients of determination. Concentrations of UA, IS and B2M were
determined in dialysate samples taken 7 and 240 min after the start of dialysis based
on the trained models and optical data. Removal of toxins during dialysis sessions was
described by a reduction ratio % (RR) in dialysate:

RR = 100 ∗ C0 − Ct

C0
(%)

where C0 is in laboratory or optically estimated concentration of a toxin in sample
taken after 7 min from the start the dialysis and Ct in laboratory or optically estimate
concentration in the end of the dialysis; to estimate RR of urea optically, UV absorbance
values of spent dialysate samples were used instead of concentration to calculate RR.

Relative removal efficiency of uremic toxins and water consumption of different
treatment settings were analyzed by comparing stHDF treatment with other treatment
settings. The differences between related samples of the same patients were compared
via a paired t-test. A p-value of <0.05 was considered significant. The stHDF modality
was considered as benchmark in this study and all results of other dialysis modalities
were divided by the corresponding stHDF value for comparison. Resource efficiency
of different treatment settings was discussed in relation to the different initial levels of
toxins in the blood of different patients, considering removal of uremic toxins and the
amount of dialysis water consumed.
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3 Results

3.1 Assessment of Optical Data

There was generally strong correlation between the laboratory and optically estimated
RR values (Pearson correlation coefficient> 0.798). The correlation was higher for UA
(r = 0.998, N = 56), IS (r = 0.985, N = 56) and urea (r = 0.954, N = 53), and lower
for middle molecule marker B2M (r = 0.798, N = 36).

Comparison of mean reduction ratios based on laboratory analyses of dialysates and
optical data is presented on the Fig. 1.

Fig. 1. Comparison of mean (±SD) reduction ratios based on laboratory analyses of dialysates
and optical data. UA - uric acid, IS - indoxyl sulfate, B2M - β2-microglobulin.

CorrespondingBland-Altmanplots of this comparison presenting statistical accuracy
of comparisons are shown on the Fig. 2. It can be seen from the Bland-Altman plots that
the random error between laboratory and optically estimated RR values remains similar
over the whole range and that the systematic error is small.

3.2 Comparisons of Treatment Settings: Toxins’ Removal Efficiency Versus
Water Consumption

Optically estimated removal efficiencies of toxins and correspondingwater consumption
for different treatments modalities are presented on the Fig. 3.

Figure 3 shows that hemodialysis treatmentwith higher blood and dialysate flow rates
removes all of the uremic toxins slightly more efficiently, while the water consumption
increases significantly. Economy of water consumption in the case of lfHD leads to
remarkable reduction of removal of toxins. Corresponding detailed data of comparison
with stHDF as reference are presented on in the Table 3.

Removal efficiencies of hfHDF and lfHD were statistically different from corre-
sponding stHDF values for all uremic toxins presented in the Table 3 (p < 0.05). Spent
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Fig. 2. Bland-Altman plots comparing laboratory (Lab) and optically (Opt) estimated reduction
ratios (RRs) of: (A) urea, (B) uric acid (UA), (C) indoxyl sulfate (IS) and (D) β2-microglobulin
(B2M).

dialysate based optical measurers indicate a slightly better efficiency of hfHDFmodality
concerning small molecules urea andUA removal (109.1 and 109.9% compared to 100%
of stHDF, respectively) and confirms the benefit of the modality for elimination of IS
and B2M (116.4 and 112.6% compared to 100% of stHDF, respectively). However, this
improvement of removal efficiencies was achieved with 185 % increase in the consump-
tion of purified (RO) water. This relationship was reversed in the case of lfHD modality
of treatment: decreasing RO water consumption down to 69.2% compared to 100% of
stHDF reduced elimination of urea and UA down to 76.9 and 80.2%, respectively. Elim-
ination of IS with lfHD reduced nearly equally to the reduction of water consumption
in comparison with stHDF. The elimination of B2M was not ratable in the case of lfHD
due to low permeability of the low flux membrane for B2M and negligible convective
transport.

While classifying the patients according to their toxins’ levels, 9 patients had content
of IS over the reference level 23μg/mL, 1 patient had content of B2M over the reference
level 32.2 mg/L, and 12 patients had both levels lower than the mentioned levels of
elevated risk for all-cause mortality.
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Fig. 3. Reduction ratios of uremic toxins in different dialysis settings and corresponding water
consumption (based on optically estimated reduction ratios). Treatment settings: stHDF – standard
HDF, lfHD – low flux HD, hfHDF – high flow HDF; see Table 1 for details). UA – uric acid,
IS – indoxyl sulfate, B2M – β2-microglobulin, RO – reversed osmosis.

Table 3. Removal ratios of uremic toxins and water consumption during low flux HD and high
flow HDF compared with standard HDF treatment.

Group of toxins Marker compound Low flux HD (%%) High flow HDF
(%%)

Mean ±SD Mean ±SD

Small water soluble Urea 76.9 10.6 109.1 7.3

Uric acid 80.2 8.2 109.9 5.3

Protein bound Indoxyl sulfate 67.2 28.7 116.4 25.4

Medium molecules β2-microglogulin -a -a 112.6 8.0

Water consumed 69.2 9.1 185.0 28.0
a Not detectable in dialysate

4 Discussion

In this study, including 22 patients, the comparison of laboratory and optical methods
revealed that complicated laboratory analyses of selected uremic toxins’ markers can
be replaced with simple optical measurements in spent dialysate to estimate removal
efficiency of toxins with satisfactory results. These results are compatible with earlier
findings of Lauri et al. [11] that optical dialysis monitoring, based on UV absorbance



Hemodialysis Optical Monitoring Toward Greener Technology 169

and fluorescence in the spent dialysate, can simultaneously provide the removal patterns
of marker molecules from all main groups of uremic toxins (urea, B2M and IS) dur-
ing low-flux HD, high-flux HD and hemodiafiltration treatments without any need for
blood sampling. A specially designed compact and robust on-line dialysis monitoring
device for on-line optical monitoring of uremic retention solutes in the spent dialysate
during dialysis treatments has been proposed to solve the problem of improvement of the
quality of dialysis through better adaptation of the treatment to needs of a patient [12–
14]. Furthermore, the observations above indicated that the same optical technology has
potential to make a substantial contribution also into reduction of the ‘ecological foot-
print’ of the treatment at the same time. The results of this work showed that increasing
blood and dialysate flow it is possible to achieve substantially better removal of markers
of protein bound solutes (IS) and middle molecular toxins (B2M), but not in the degree
comparable with the increase of water consumption. As specified in the results section,
9 patients in this study had content of IS over the reference level of elevated risk for
all-cause mortality (23μg/mL by Yamamoto et al. [7]) and 1 patient had content of B2M
over the reference level of elevated risk for all-cause mortality (32.2 mg/L by Okuno
et al. [8]). Based on the uremic toxins’ levels in the blood, these patients evidently need
the maximum efficiency of the treatment. However, other 12 patients had levels of both
toxins below the levels of elevated risk. For these 12 patients the simple lfHD may be
sufficient. By treating those patients with lfHD instead of hfHDF, it could be possible to
save up to 116 L of RO purified water per dialysis (as difference between average water
consumption of hfHDF and lfHD treatments, Table 3). Taking into account requirements
of reversed osmosis purification technology and proportion of the patients with lower
risk of mortality (12 of 22 patients), the mean economy of raw (drinking) water and
electricity in this group of patients may reach up to 131 L and 1.22 kWh per dialysis,
respectively. Potentially, multiplying this water saving by 5 million dialysis patients pre-
dicted for 2030 worldwide [2] receiving 3 treatments per week (156 sessions per year),
the total economy of environmental loading may be up to 102.2 million of cubic meters
less of rough water requirement and 951.6 million of kWh less electricity per year only
at the expense of water purification for dialysis. Personalizing the therapeutic prescrip-
tion is considered to improve a patient’s outcome with a focus on reducing the global
cardiovascular burden in dialysis patients [15]. Our results that are based on monitoring
of optical characteristics in the spent dialysate strongly support this idea and open a
chance considerably reduce the ‘ecological footprint’ of the treatment at the same time.

5 Conclusion

It can be strongly concluded from the results of this work and cited observations, that
on-line optical monitoring in the spent dialysate is a promising direction of development
of dialysis hardware aimed to reduce ‘ecological footprint’ of dialysis treatments of
ESKD patients.
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Abstract. Advancements in technology have led to the emergence of new three-
dimensional (3D) visualization techniques that offer users immersive and dynamic
displays.However, the impact of these novel image display techniques on user cog-
nitive demands remains largely unexplored. This study aimed to investigate and
compare the impact of different lighting conditions, namely photopic and scotopic,
on the long-term relative depth judgment task using a volumetric multiplanar dis-
play. Electroencephalography (EEG) was employed to record participants’ brain
activity during the task, and event-related potentials (ERPs) were analyzed using
EEGLAB software, specifically focusing on the P3 component. This allowed for
a deeper understanding of the neural processes underlying depth perception in
varying lighting conditions.

Results showed that, overall, the amplitude of the P3 component was higher
in the photopic condition compared to the scotopic condition. Interestingly, the
analysis revealed an increase in the amplitude of the P3 component as the task pro-
gressed over time, whichmay indicate the impact of visual fatigue from prolonged
use of the volumetric display. The latency of the P3 peak was significantly earlier
in the last task under scotopic conditions, while there was no significant difference
in the P3 peak latency in the photopic condition between the first and last tasks.
This earlier peak in the scotopic condition suggests that using the volumetric mul-
tiplanar display in a scotopic environment may improve cognitive processing of
depth perception.

Keywords: Electroencephalography (EEG) · event-related potentials (ERPs) ·
volumetric multiplanar display · depth perception · mental fatigue

1 Introduction

With the ability to create and manipulate virtual objects in a three-dimensional space,
this technology has opened new possibilities for a variety of industries such as entertain-
ment, education, healthcare, architecture, design, and oil explorations. In recent years,
the advancement of technology has brought about a new era of three-dimensional (3D)
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visualization techniques that have enhanced thewaywe interactwith digitalmedia. These
techniques offer users immersive and dynamic displays, which are intended to improve
their visual experience [1, 2].Moreover, by developing the image projection, some issues
regarding the vergence-accommodation conflict have been relatively resolved. Specif-
ically, by developing the new generation of 3D displays, for instance, in volumetric
multiplanar or holographic displays binocular vision is no longer an issue as there is no
need for image dissociation to perceive a 3D image on the display [3]. Despite these
advancements, the impact of these new image display techniques on human cognitive
demands remains largely unexplored. Many previous studies investigated the effect of
virtual 3D on the human brain by employing different brain-computer interfaces, for
instance, functional magnetic resonance imaging (fMRI) was utilized by Backus [4]
to investigate stereo processing in V1 and other areas of the visual cortex. Skrandies
[5] examined evoked potential components that are exclusively generated by cortical
structures when dynamic random-dot stereograms (dRDS) were presented. Malik [6]
evaluated the impact of stereoscopic 3D displays on visual discomfort. Fischmeister
[7] investigated slow cortical potentials and source localization to identify the neu-
ral correlates of monocular and binocular depth cues. Lastly, Avarvand [8] used EEG,
specifically the P1 component of Event-Related Potential (ERP), to study the neurophys-
iological correlates of vertical disparity in 3D images. However, there are a few studies
that have investigated the new display generations and their interaction with the human
brain. Pladere [9] studied brain activity during depth perception of stereoscopic and
volumetric displays. Naderi [10] studied the user performance objectively by electroen-
cephalography (EEG) analysis when doing a visual task on the volumetric multiplanar
display. Furthermore, there is a variety of subjects that scientists are interested in, for
example, cognitive load [8], mental fatigue [12, 13], visual attention [14], perception
[15], and memory [16] as neural processes that can be affected by using different 3D
displays.

To cover this gap, this exploratory study aimed to investigate how different lighting
conditions (photopic and scotopic) and the long-term usage of a volumetric multiplanar
display affect real 3D image perception. We analyzed EEG signals and extracted ERP
waveforms, with a particular focus on the P3 component of ERP, to examine how the
human visual system interacts with this new display technology. Based on the physical
properties of the volumetric multiplanar display we hypothesized that the cognitive load
and perception time was less in scotopic condition with respect to the photopic.

2 Materials and Methods

In this study, we investigate the impact of different lighting conditions on the neural
processes underlying relative depth perception in 3Dvolumetricmultiplanar display. The
studywas approvedby theEthicsCommittee of theUniversity ofLatvia (ZD2019/20807)
and was conducted following the Declaration of Helsinki.

2.1 Participants

A total of 18 participants, consisting of 6 males and 12 females, with an average age of
25 ± 6 years, voluntarily took part in the study. Prior to the experiment, we conducted
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optometric visual tests to ensure their binocular vision function. The participants’ inclu-
sion criteria were as follows: normal or corrected-to-normal visual acuity (1.0 or better,
decimal units), no binocular dysfunctions, and a stereoscopic acuity of 40 arcsec or
better (measured using a Titmus stereo test, Stereo Optical Co., Chicago, IL). Three par-
ticipants were excluded from the study, with one failing to meet the optometric criteria,
one due to noisy brain signals probably electrode failure, and one due to a high rate of
mistakes in task performance. Therefore, the final number of participants was 15, con-
sisting of 5 males and 10 females, with an average age of 25 ± 6 years. All participants
were unaware of the specific purpose of the study.

2.2 Apparatus

Visual stimuli were presented using a solid-state volumetric display (LightSpace Tech-
nologies, model: X1406, 19′′ diagonal), which consists of twenty physical image depth
planes and temporary image-receiving screens made of short liquid-crystal-based light
diffuser elements. These diffusers are synchronized with a high refresh-rate image pro-
jection unit and are rapidly switched between highly transparent and light diffusing
states to achieve an overall volumetric image refresh rate of 60 Hz. The display has a
resolution of 1024 × 768 pixels per image depth plane [17].

2.3 Condition and Procedure

The experiment was conducted under two different lighting conditions. The first con-
dition was a dark room, also known as the scotopic condition, with an illuminance of
1.2 lux. The second condition was a lit room, known as the photopic condition, with an
illuminance of 1146 lux.

Each of the independent experiments in this study comprised 160 trials, with the
3D demonstration presented in a pseudo-randomized order in 50% of the trials. The
trial began with a fixation cross displayed in the center of the screen for 1 s, followed
by the appearance of four rings (with an outer diameter of 0.5° and a line width of
0.1°) located at 1.0° field eccentricity from the center. In the 3D trials, one of the rings
(designated as the target) had a different binocular disparity than the other three (dis-
tractors), causing it to appear closer to the viewer, as shown in Figs. 1(a) and (b). The
participants were instructed to locate the target and indicate its relative position within
the display by choosing one of four responses (up, right, down, or left) using the arrow
keys on a computer keyboard. After submitting their response (the response time calcu-
lated byWindows clock counter), the fixation cross reappeared, and the next trial began.
Each experiment was repeated five times, with a short resting period of 1 min between
experiments. The total time required to complete the task was approximately 50 min
on average, depending on the participants’ response times. Participants sat facing the
display at a viewing distance of 90 cm.

2.4 EEG/ERP

The Nicolet v32 EEG systemwas employed to capture the electrical activity of the brain.
Twenty-one active electrodes were placed based on the international 10–20 system, and
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(a) (b)

Fig. 1. The experiment design paradigm. Starting with a cross at the center of the display and
frequently appearing after each trial for 1 s. 160 trials of rings demonstration. 50% of trials had
a 3D effect. The presentation time of rings depended on the response time (a), and schematic
illustration of the setup and stimulus on the volumetric multiplanar display (b).

the averageof all active electrodeswas chosen as a reference.Data collectionoccurred at a
sampling rate of 1024 Hz, with a band-pass filter applied from 1 to 70 Hz. The electrode
impedance was kept below 10 K�, and data were continuously recorded during the
visual search tasks. The open-source toolboxEEGLAB2022.1.0 connected toMATLAB
R2020a (MathWorks Inc., Natick, MA, USA) was used for EEG data analysis. The EEG
recordings for each participant were purified using a two-step procedure that involved the
built-in software algorithm and visual inspection of variance to reject noise, including
baseline, blinking, and muscle activity. The signals were separated into time-locked
epochs of 1200 ms duration synchronized with the onset of search arrays, containing
200 ms of prestimulus. Only correct responses were analyzed, and trials with false
alarms or misses were excluded. The P3 component’s peak amplitude and latency were
determined by visually inspecting the ERP waveform within the time frame of 200–
600 ms.

3 Results

3.1 Performance Data

Response times (RT) were analyzed to evaluate visual search outcomes. Two-way
ANOVA was used to analyze the first and last experiments in photopic and scotopic
conditions. A two-way ANOVA revealed that there was not a statistically significant
interaction between the effects of lighting conditions and experiment order (F (1, 26) =
0.016, p= 0.9, η2

p = 0.0006). Moreover, there was no statistical difference between the
first and last experiments (F (1, 26) = 1.264, p = 0.27, η2

p = 0.05). However, there was
a significant difference between photopic and scotopic conditions (F (1, 26) = 10.25, p
= 0.003, η2

p = 0.28). Figure 2 shows the average of each group.

3.2 Event-Related Potential (ERP)

We conducted an analysis of the raw EEG signals to extract the peak amplitude and
latency of the P3 component of the ERP. The results of ERP analysis are presented in
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Photopic – First

Photopic – Last

Scotopic – First

Scotopic – Last

Time (ms)

Fig. 2. The average response time of each participant in each group of lighting conditions and
experiment order.

Fig. 3, which shows the ERP waveforms average of the occipital and parietal regions
(O1, O2, P3, P4, and Pz). As expected, the P3 wave was found to be the dominant wave
in these regions.
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Fig. 3. The average of five occipital and parietal electrodes (O1, O2, P3, P4, and Pz) across all
participants. P3 peak highlighted on the waveform.

Besides the waveform, two-way ANOVA showed that there was not a statistically
significant interaction between the effects of lighting condition and experiment order (F
(1, 36) = 1.571, p = 0.22, η2

p = 0.042). However, a statistically significant difference
between the first and last experiments (F (1, 36)= 4.42, p= 0.04, η2

p = 0.11).Moreover,
there was a significant difference between photopic and scotopic conditions (F (1, 36)
= 6.23, p = 0.02, η2

p = 0.15). Figure 4 shows the peak amplitude of each group.
Moreover, about the peak latency, two-way ANOVA indicated that there was not a

statistically significant interaction between the effects of lighting condition and exper-
iment order (F (1, 36) = 2.585, p = 0.12, η2

p = 0.07). Furthermore, no significant
difference between the first and last experiments (F (1, 36) = 1.17, p = 0.28, η2

p =
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Photopic – First

Photopic – Last

Scotopic – First

Scotopic – Last

Peak Amplitude (µV)

0.4 14.32.51.1

Fig. 4. The peak amplitude average of five occipital and parietal electrodes (O1, O2, P3, P4, and
Pz) in different lighting conditions and experiment order.

0.03), and no significant difference between photopic and scotopic conditions (F (1, 36)
= 1.310, p = 0.25, η2

p = 0.03).
However, by paired analysis of each lighting condition between the first and last

experiment, the paired-t test indicated that there is a significantly largedifferencebetween
the First (M= 403.5, SD= 75.4) and Last (M= 358.8, SD= 62.4), t(14)= 3.3, p= .007
experiment in scotopic condition nevertheless, results of the paired-t test in the photopic
condition indicated that there is a non-significant small difference between First (M =
346.5, SD = 50.8) and Last (M = 368.4, SD = 40.7), t(14) = 1, p = .367 experiment.
Figure 5 shows the peak latency of each group.

Photopic – First

Photopic – Last

Scotopic – First

Scotopic – Last

Peak Latency (ms)

285 340 356 406 527371

Fig. 5. Peak latency average of five occipital and parietal electrodes (O1, O2, P3, P4, and Pz) in
different lighting conditions and experiment order.

4 Discussion

The interaction of the newly developed displays with the human visual system is the
point of motivation we conducted a study. The objective of this study was to investigate
the effects of different lighting conditions and the long-term usage of a volumetric
multiplanar display on human neural processes, specifically by analyzing the amplitude
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and latency of the P3 component. Generally, lighting condition as a physical factor
has a strong effect on human visual perception. Some studies research the illumination
on ERP and performance, for instance, Lim [18] concluded that 800 lux illumination
excited higher P3 amplitude incorrect response than incorrect. Johannes [19] showed
that higher stimulus luminance resulted in higher ERP amplitudes.Moreover, a variety of
researchers studiedmental fatigue and visual fatigue during prolonged usage of displays.
Visual fatigue is caused by the vergence-accommodation conflicts that arise when using
conventional 3D displays [20, 21].

In this study, we analyzed the performance level of doing a visual search task on
the volumetric display in two different illuminations (photopic and scotopic) conditions.
Response time was significantly lower in photopic rather than scotopic, however not
significant between the first and last tasks. There could be two points of view; first,
by considering each lighting condition separately, there was a shorter response time in
the last task than the first in both photopic and scotopic conditions could be regarding
the neural facilitation and adaptation to the task due to working memory. However, the
results are the opposite of [22] that mentioned prolonged tasks increased the response
time. Perhaps motivation is another factor that can affect the result in a positive way.
Second, the photopic experiment was performed after the scotopic condition therefore,
the significantly shorter response time in the photopic condition could be due to learning
the task and enhanced visual working memory [16].

The P3 is an ERP component that appears as a late positive wave at parieto-occipital
sites. The identification and assessment of stimuli are frequently associated with the P3
[22, 23]. In this study peak amplitude and latency of P3 were investigated. Significantly
higher amplitude in the last task than the first task could be associated with a degree
of higher engagement of attention to distinguish the relative depth effect of the visual
task [24], but not visual fatigue since there was a shorter response time in the last
task. Although many studies showed a lower amplitude of P3 during the repeated task
associated with adaptation [22, 23], however, some studies reported that P3 amplitude
becomes larger for familiar attended or learned items [25–27].

The latency of components is an important factor to consider in ERP analysis, as
higher latency may indicate visual or mental fatigue, or difficulty in decision-making
[22]. In this study, while the peak latency was earlier in the photopic condition compared
to the scotopic condition, the difference was not significant. This may be due to the
workingmemory, as the photopic experimentwas performed after the scotopic condition.
Furthermore, there was no difference between the first and last tasks in the photopic
condition [16]. However, there was a significantly earlier peak latency in the scotopic
condition between the first and last tasks. Lower latency may be associated with neural
facilitation in perception, attention, and working memory. Therefore, our results are in
line with [16] and suggest that using the volumetric multiplanar display in the scotopic
condition can facilitate the learning process.

5 Conclusion

The study aimed to examine the effects of varying lighting conditions and prolonged
usage of a volumetric multiplanar display on neural processes. Our results indicate that
while response time was faster in photopic conditions, the earlier P3 latency observed in
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the scotopic condition during the final experiment suggests greater neural facilitation in
cognitive processing for detecting depth effects. Additionally, there was no earlier P3 in
the photopic condition during the final experiment. Therefore, we conclude that using a
volumetric multiplanar display in scotopic conditions is superior to using it in photopic
conditions.
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Abstract. The decreased environment temperature can cause vasoconstriction
and drops the skin perfusion, which lowers finger photoplethysmographic (PPG)
signal amplitude and signal to noise ratio. The forehead is relatively insulated
from external temperature changes due to the presence of the skull and the scalp.
Therefore, this site is less affected by temperature compared to other peripheral
PPG signal registration sites.

The aim of this study was to characterize the changes in the forehead PPG
and second derivative of PPG (SDPPG) waveform parameters related to arterial
stiffness for the acute mental stress assessment. The PPG signals were recorded
from 42 subjects during eyes open and arithmetic stress test. The signals from
34 subjects (18 females and 16 males) were included to the post-processing and
analysis of PPGwaveform arterial stiffness related parameters. The changes in the
forehead PPGwaveform parametersPPGb,PPGAI, Snorm, and SDPPGwaveform
parameters b/a, c/a, d/a, e/a, and AGI were statistically significantly different (p<
0.05) between eyes open and stress test states. The calculated parameters indicated
the increase in arterial stiffness due to the induced stress. However, c/a changed
in the opposite direction than expected. In summary, the results indicate that the
changes in the forehead PPG and SDPPG parameters could be used similarly to
the finger PPG signal for the stress assessment. Nevertheless, further studies are
needed.

Keywords: Mental stress · Photoplethysmography · Second derivative PPG
signal ·Waveform analysis

1 Introduction

Social and medical problems related to mental stress are increasing globally and impact
mental health and well-being of people [1, 2]. The acute mental stress assessment can
be seen important in everyday life to apply relaxation maneuvers and prevent mental
health issues such as anxiety and depression [3].

Physiological signals could provide an objective assessment of mental stress [4].
Brain activates the sympathetic nervous system, which causes an increase in heart rate,
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blood pressure, and the release of stress hormones, which can lead to changes in blood
flow and the constriction of blood vessels. In addition, it has been found that arterial
stiffness increases during the acute mental stress [5]. Therefore, the arterial stiffness
related parameters could contribute to the model of mental stress estimation and increase
its accuracy.

The photoplethysmographic (PPG) method, which is a relatively simple optical
method for measuring relative blood volume changes in the artery and microvascu-
lar tissue, has been investigated for the estimation of the acute mental stress using the
finger registered pulse waveform indices [6]. It has been found that the induced mental
stress affects the arterial stiffness related parameters of finger PPG waveform [7]. How-
ever, the decreased environment temperature can cause vasoconstriction and drops the
skin perfusion, which lowers finger PPG signal amplitude and signal to noise ratio [8].

Even though the PPG signal is often registered from the finger, as it consists of
a large volume of pulsating microvascular tissue, it can be registered from the other
sites of the body as well using either transmittance or reflectance mode sensor [9]. The
forehead is relatively insulated from external temperature changes due to the presence
of the skull and the scalp. Therefore, this site is less affected by temperature compared
to other peripheral PPG signal registration sites [10]. However, the morphology of the
PPG waveform diverges from the finger recorded signal as the pulse wave propagation
path from the heart and the microvascular bed of tissue of the signal registration site
have different mechanical and optical properties. Several studies has been carried out
on the analysis of forehead PPG signal waveform for the arterial stiffness estimation
[11]. It was found that the changes in the forehead vascular bed, which are caused by
the stiffening of the blood vessels, can be described with the second derivative of PPG
(SDPPG) signal normalized amplitudes b/a and d/a.

Therefore, the aim of this study was to characterize the changes in the forehead PPG
signal, its pulsatile waveform, and SDPPG signal parameters related to arterial stiffness
for the acute mental stress assessment.

2 Methods

2.1 Experiment Setup

The forehead PPG signal was registered using TT-50 multisignal recorder (Tensiotrace,
Estonia) with the synchronous electrocardiographic (ECG) signal registration. The ECG
signal was recorded for signal processing purposes to detect the starting points of the
cardiac cycles. Both signals were digitized with a sampling rate of 500 Hz. The signals
were monitored online during the experiments using a Bluetooth connection.

The forehead PPG sensorwas based on theAFE4490 (Texas Instruments, USA) fully
integrated analogue front-end chip. The four infrared LEDs with wavelength of 865 nm
(DNK1111C, Stanley Electric, Japan) were located circularly around the photodiode
BPW34 (Osram, Germany). The distance between the center of each LED and the
photodiode was 8 mm. The optical components as well as the AFE4490 with peripheral
components were placed in the shielded enclosure.



Influence of Acute Mental Stress on the Forehead 183

The PPG sensor was placed inside the cavity of the silicone holder to ensure evenly
flat surface attached to the forehead. The silicone sensor holder was attached to the
forehead using a wide elastic rubber band.

The blood pressure of the subject was measured using Omron M3 - HEM-7131-E
(Omron, Japan) device. The cuff of the device was place to the upper arm of the dominant
hand.

2.2 Subjects and Experiment Protocol

The experiments were carried out as a part of the larger project, where the citizens of
a city were asked to assess the well-being of the urban environment. Therefore, the
health status of the recruited subjects of this experiment was heterogenic. However, the
subjects did not have any diagnosed cardiovascular (CV) diseases neither they did not
take any CV system related medication. The age of the subjects had to be over 18 years.
The study was approved by the Research Ethics Committee of the National Institute for
Health Development with the decision no. 1064 (study no. 2351) and the research was
conducted in accordance with the Helsinki Declaration.

The experiments took place in a ventilated quiet room, with white walls and natural
light from the windows. The subject was first introduced for the experiment and a written
informed consent was taken. Thereafter, the subject was instructed for the stress test. In
this study, the modified arithmetic stress test (Series seven) was used. The subject was
asked to subtract the series of sevens from the given number between 90 and 100 and
the result of each subtraction had to be indicated with a pencil on a scale between 0 to 9.
In case of a mistake the subject continued with the task. The subtractions started again
from the given initial number in case the result was below seven.

The weight of the subject was measured and the ECG electrodes were taped to
the chest. Next, the subject was asked to take a sitting position on a comfortable chair
and direct the gaze to a white wall at 2 m. After 5 min, the blood pressure of the
subject was measured and the PPG sensor was attached to the forehead. In addition,
the galvanic skin response electrodes were attached to the ring and middle finger, the
electroencephalograph (EEG) electrodes were placed to the forehead to both sides of
the PPG sensor, and a temperature sensor was taped to the cheek. All the signals were
recorded synchronously, however, in the current publication, only the forehead PPG
signal analysis results are reported.

The recording of the signals was started after the attachment of all sensors and the
subject was asked firstly to close their eyes for 3 min. Thereafter, the subject was asked
to open their eyes and after 4 min the stress test started, which lasted for 2 min.

2.3 Signal Processing and Data Analysis

PPG and ECG signals were post-processed in MATLAB (MathWorks, USA). Firstly,
the 1.5 min long segments of the eyes open and stress test were separated from the PPG
and ECG signals for further processing. The R-peaks were detected from ECG signal.
The Pan-Tompkins algorithm was used for the R-peak detection.

As follows, the arterial stiffness related parameters from the PPG and SDPPG signals
were calculated using previously developed and published algorithms [12, 13]. Briefly,



184 K. Pilt et al.

the recorded raw PPG signal is inverted and filtered with window method designed
(Hamming window function) low- and high-pass filters with the cut-off frequencies of
30 Hz (order of 250) and 0.5 Hz (order of 2000), respectively. Thereafter, the signal is
resampled for each heart cycle in a way that the length of the selected heart cycle is
1 s. The signal is filtered with low-pass Parks-McClellan filter with an edge frequency
of 6 Hz and transition band of 1 Hz (pass and stop band maximum allowable errors
are 0.001), respectively. As a result, the harmonic components of each selected heart
cycle is limited to 6 harmonic components. All the resampled and filtered 1 s long PPG
waveforms are aligned according to the 50% of the ascending front and the average
waveform is calculated (Fig. 1a). Next, the first, second, and fourth derivatives of the
averaged PPG waveform are calculated. The distinct wave peaks ‘a’, ‘b’, ‘c’, ‘d’, and
‘e’ are detected from the SDPPG waveform using the fourth derivative waveform. The
amplitude ratios of the SDPPGwaveform peaks b/a, c/a, d/a, and e/a are calculated. The
aging index (AGI) is calculated based on the SDPPG waveform amplitudes:

AGI = b− c − d − e

a
. (1)

Fig. 1. One period long and averaged a) PPG waveform, b) first derivative PPG waveform, and c)
2nd derivative PPG waveform with the distinct wave peaks and the amplitudes used in calculation
of arterial stiffness related parameters.

The amplitudesPPGb andPPGd are calculated from the PPG signalwaveformbased
on the locations of the wave peaks ‘b’ and ‘d’ (Fig. 1a and c). The PPGAI is calculated
as the amplitude ratio of the amplitudes PPGb and PPGd:

PPGAI = PPGd

PPGb
. (2)
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The slope of the ascending front of the PPGwaveform (Snorm) is calculated based on
the first derivative maximal point (FDPPGmax) and it is normalized with the amplitude
of the PPG signal averaged waveform (APPG) as follows (see Fig. 1a and b):

Snorm = FDPPGmax

0.002 · APPG
. (3)

The 0.002 s corresponds to the time between two samples of the PPG signal.
Firstly, the normal distribution of the data was tested using Anderson-Darling test.

Thereafter, the statistical differences were investigated between the parameters from the
eyes open and stress signal segments. The nonparametric Wilcoxon signed-rank sum
test was used and the p < 0.05 was considered as statistically significant difference.
The mean and standard deviation were used in case of a normally distributed dataset,
otherwise, median and quartiles were calculated.

3 Results

The study was carried out on 42 subjects, however, the signals from 34 subjects were
included in the analysis. Someof the signalswere excluded due to the poorECGelectrode
connections to the hairy chest, a large number of artefacts in the signals during stress
test or detected arrhythmia. The general demographic, anthropometric and physiological
parameters of the study group are given in Table 1.

The low- and high-pass filtered PPG waveforms during the eyes open and stress test
are given in Fig. 2. The heart rate during the stress test is higher as well as the differences
between waveforms can be noticed.

Table 1. The basic characteristics of the study group.

Mean ± SD Min Max

Number of subjects 34

Female 18

Male 16

Age, years 41 ± 15.8 18 70

Height, cm 174 ± 8.7 156 192

Weight, kg 80 ± 16.9 52 118

BMI, kg/m2 26.2 ± 5.41 19.5 39.3

SBP, mmHg 133 ± 16.9 101 172

DBP, mmHg 86 ± 10.0 67 105

Figure 3 shows the box plots with outliers for each calculated parameter during the
eyes open and stress test. The PPGb, PPGAI, b/a, c/a, d/a, e/a, AGI, and Snorm were
found statistically significantly different between the two states for whole study group
(p < 0.05).
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Fig. 2. The low- and high-pass filtered PPG signal segments of 43-year old male subject during
eyes open (blue line) and stress test (red line). The PPG signals are offset from each other for
illustrative purposes.

Fig. 3. Box plots with outliers of the arterial stiffness related parameters: a) PPGb, b) PPGd, c)
PPGAI, d) b/a, e) c/a, f) d/a, g) e/a, h) AGI, and i) Snorm. The * indicates p < 0.01 and ** p <

0.001.
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4 Discussion

According to the best knowledge of the authors, this is the first attempt to investigate
the forehead PPG signal and arterial stiffness related waveform parameters for the stress
assessment. The changes in the forehead PPG waveform parameters PPGb, PPGAI,
Snorm, and SDPPG signal parameters b/a, c/a, d/a, and AGI were found statistically
significantly different between the eyes open and the stress test states. The results indicate
that the forehead could be considered as an alternative PPG signal registration location
for the stress assessment purposes.

It has to be noted that the changes in the parameters due to the induced mental
stress were not in the same direction for all subjects. The arithmetic stress test may not
induce the stress response equally for the subjects and depends on several factors. The
physiology, as well as the previous experience of the subject to handle the stress, are
some of the causes.

Compared to the finger, the forehead is a less investigated region for the PPG signal
waveform analysis. The forehead measurement location has skull, which is covered with
a very thin soft tissue layer of the scalp. Therefore, the visible light rather reflects back
from the surface of the skull and the longer wavelengths from the infrared region should
penetrate to the deeper layers of the skull and through it. However, in this study the photon
propagation at the forehead measurement location was not modelled. Nevertheless, the
measurement location for each subject was selected according to the same procedure as
described in the methodology section.

The PPG waveform varies between the forehead and finger due to the measurement
location anatomical differences. The arterial stiffness related waveform parameters and
the parameters calculated from the finger PPG signal behave in the similar manner due
to the induced stress [7]. The induced stress increases the arterial stiffness according to
the calculated parameters Snorm, PPGb, PPGAI, b/a, d/a, e/a, and AGI. From previous
studies, it has been found that the aging of the subject decreases the SDPPG parameter
c/a in case of the finger [14] and forehead [11] PPG waveform, which is expected due to
the stiffening of the arteries. However, in this study, it was found that the c/a increased
due to the stress, which was unexpected and needs further studies.

5 Conclusions

The results indicate that the changes in the forehead PPG and SDPPG parameters could
be used similarly to the finger PPG signal for the stress assessment. Therefore, the
forehead could be considered as an alternative location for the PPG signal registration
for the stress assessment purposes. However, further studies are needed.
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Abstract. Most blood pressure devices capture the oscillometric signal from
arm cuff. This location does not allow convenient arterial photoplethysmographic
(PPG) signal registration. In contrast, this option is available if using a finger cuff,
allowing simultaneous recording of pneumatic and several different PPG signals.

Oscillations from pneumatic, infrared, red, orange, yellow and green PPG
channels were recorded in 7 healthy subjects while the cuff pressure was ramped
up and down.

The cuff pressure at maximum oscillations was lower during cuff deflation
and for longer PPG wavelengths. For pneumatic signal it was closest to the values
from yellow and orange PPG. The oscillation envelope was wider during the cuff
pressure deflation, with the exception of green PPG.

Parameters for infrared PPG in each experiment were pairwise compared to
according values in other channels. The difference found showed the following
behaviour of dispersion between experiments: for PPG signals it increased when
the difference in wavelength increased, for pneumatic signal it was smaller than
for PPG signals during cuff inflation phase.

Keywords: Finger · Oscillometry · Pneumatics · PPG

1 Introduction

Most automatic blood pressure (BP) measurement devices use oscillometric principle.
In this technique, the goal is to estimate arterial pressure, hence it would be desirable to
rely on a signal which is related only to arteries. However, other blood vessels can also
have some role in producing pulsations. Another aspect is that the tissues under edges
of the cuff are less pressurized, which means the oscillation envelope does not reflect
exactly the ideal condition. Our interest was to quantify the influence of these factors.

Most BP devices capture the oscillometric signal from an arm cuff pneumatically.
As the distance between the brachial artery and skin is quite long, this location does
not allow convenient arterial photoplethysmographic (PPG) signal registration. Yet, this
is possible: Laurent et al. could measure the systolic BP using PPG sensor under arm
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cuff [1]. Also, Perpetuini et al. used high sensitivity probes by employing silicon pho-
tomultiplier to collect signals from deep vessels [2]. In the finger, arteries are at a depth
which is easily accessible by PPG. Moreover, using simultaneous recording of sev-
eral PPG signals, the contribution of pulsations from vessels at different depths can be
investigated. The usage of the multi-wavelength PPG was presented in [3–5]. Questions
under in these investigations have been signal-to-noise ratio, the shape and the timing
of the pulse. Also, the reaction to external force or pressure, applied to skin, has been
investigated. Using that, Lubin et al. compared blood pressure values, estimated from
oscillations from infrared, red and green PPG [5].

Raamat et al. compared pneumo- and photoplethysmographic envelopes captured
from the wrist [6]. The aim of this study was to compare oscillation envelopes from
finger, recorded pneumatically and optically, using five different wavelengths of light.
Similarly to [7], we analyzed envelopes during cuff inflation and deflation.

2 Methods

2.1 Equipment

The optical sensor consisted of photodiode (BPW34, Vishay, 430 to 1100 nm) and
five LEDs: IR (infrared, TSMF3700, Vishay, λ:870 nm, FWHM:50 nm), red (LR P47F,
Osram,λ:625 nm, FWHM:16 nm), orange (LOP47F,Osram,λ:606 nm, FWHM:17 nm),
yellow (LY P47F, Osram, λ:590 nm, FWHM:18 nm) and green (LT PWSG, Osram,
λ:528 nm, FWHM:33 nm). Those six elements were fixed between two flexible trans-
parent tapes.Distances between centers of adjacentLEDswere 4.5mm, distance between
green LED and photodiode was 10 mm.

The cuff pressure was measured using transducer MPX5050DP (NXP Semiconduc-
tors). In addition, pulsating component from the cuff pressure was pneumatically filtered
and measured using sensitive pressure transducer NSCDRRN001NDUNV (Honeywell,
scale ±1 inch H2O).

In one measurement cycle, the current to each LED was sequentially switched on by
themicrocontroller and signal change from thephotodiodewasmeasured. In addition, the
cuff pressure and pneumatic pulsation were recorded. The resolution of A/D conversion
was 16 bits, the rate of measurement cycles was 100 Hz.

2.2 Experiment

Seven healthy subjects (3 males and 4 females, age from 17 to 79 years) were involved in
this study. The subject was asked to sit, be relaxed and breathe normally without gasps.
The ribbon with optical elements was wrapped around a proximal phalanx of the middle
finger of the left hand, keeping symmetry in relation to finger pulp. Next the ribbon was
covered by pneumatic cuff (Fig. 1(a)). During the measurement, the hand rested on the
table.

The pressure was raised linearly from 30 mmHg to 160 mmHg and kept at that
value for approximately 10 s, after that it was decreased back to 30 mmHg. The rate
of pressure change was 3 mmHg/s in both phases. The duration of the experiment was
approximately 2 min (Fig. 1(b)).
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Fig. 1. (a) Arrangement of five LEDs and photodiode (PD) in the finger cuff. (b) Five PPG signals
and pneumatic oscillations recorded while the cuff pressure was ramped up and down.

2.3 Data Processing

The signal processing was performed by applying Matlab R2020b (The Mathworks,
Inc). The AC components of PPG signals were separated and oscillometric envelopes
for all channels were calculated and smoothed. Examples from two experiments are
shown in Fig. 2.

Fig. 2. Examples of smoothed and normalized oscillometric envelopes from two experiments,
(a, b) and (c, d) respectively. Blue line shows data from pneumatic, black from infrared channel.
Other channels are color-coded. Normalization is based on cuff inflation and is applied to both
phases.

To characterize an oscillometric envelope, the maximum oscillation amplitude, cuff
pressure at maximum oscillation amplitude and the width at the level of 70% from
maximum were calculated.
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3 Results

3.1 Cuff Pressure at Maximum Oscillation Amplitude (CP-MO)

Figures 3(a) and (b) show boxplots and means of pressure values when maximum oscil-
lations occurred, for cuff inflation and deflation respectively. For both phases, the longer
wavelengths had slightly lower value of CP-MO. This effect was stronger for green
light. The mean value of CP-MO for green light over all experiments was approximately
10 mmHg lower than for other optical channels. The mean value for pneumatically
recorded CP-MO was closer to yellow or orange channel.

Figure 3(c) shows differences of CP-MO between cuff pressure deflation and infla-
tion. The difference is mostly negative, showing that after being exposed to high cuff
pressure blood vessels have some hysteresis and the condition for highest compliance
occurs at lower pressure. The mean value of the difference is biggest for green light.
Relatively small dispersions in Fig. 3(c) show that the blood pressure for subjects did
not change much.

Fig. 3. Cuff pressure at maximum oscillation amplitude. (a) Cuff inflation. (b) Cuff deflation. (c)
The cuff pressure difference between deflation and inflation phases.

Pairwise Comparison to IR Channel
Figure 4(a) and (b) show the CP-MO of each channel in relation to according value in IR
channel. Note that it has the same tendency as for absolute values of CP-MO on Fig. 3(a)
and (b), but showing more compact result, because the variability coming from different
subjects is excluded. The dispersion was higher, if the difference in light wavelength
(compared to IR) was bigger. Interestingly, for the pneumatic channel, the dispersion is
mostly lower than for any optical channel. It may mean that albeit the presence of small
bias the pneumatic measurement reflects the true arterial oscillation closely.

3.2 The Width of the Oscillometric Envelope (WOE)

Figure 5(a) and (b) show boxplots and means of the width of the oscillometric envelope
at level of 70% of its maximum, for cuff inflation and deflation respectively. In cuff
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Fig. 4. Cuff pressure at maximum oscillation in relation to according value from infrared PPG in
the same experiment. (a) Cuff inflation. (b) Cuff deflation.

inflation phase, the envelope is wider for shorter wavelengths, but in cuff deflation phase
this does not hold for green light.

The difference (deflation-inflation) in Fig. 5(c) shows that the oscillometric envelope
was wider during cuff deflation, with the exception of green light where the envelope
was narrower by approximately 5 mmHg. The dispersion of the difference forWOEwas
much higher than for CP-MO, likely because the estimation of the width, based only on
cuff pressure measurement and without knowing beat-to-beat arterial pressure, can be
easily influenced by changes in arterial pressure during cuff pressure scan.

Fig. 5. The width of the oscillometric envelope at level of 70% frommaximum. (a) Cuff inflation.
(b) Cuff deflation. (c) The difference between width in cuff deflation and inflation phases.

Pairwise Comparison to IR Channel
Figures 6(a) and (b) show the differences of theWOE in relation to according value in IR
channel. Similarly to pairwise comparison of CP-MO, the dependency of the difference
follows the same character as dependency of absolute values. The dispersion is not so
low as for CP-MO and the values of the pneumatic channel are not so close to according
values of the IR channel. Like in the analogous comparison for CP-MO, dispersion is
mostly higher, if the difference in light wavelength (compared to IR) was bigger.
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Fig. 6. The width of the oscillometric envelope in relation to according value for infrared channel
in the same experiment. (a) Cuff inflation. (b) Cuff deflation.

3.3 Amplitude Characteristics

Figure 7(a) shows how different maximum oscillation amplitudes were during cuff infla-
tion and deflation. Note the remarkably higher amplitudes in green light channel during
cuff deflation. This change is also well visible in Fig. 2, and it is a sign of hyperemia of
smaller vessels after occlusion by the high cuff pressure at the end of the cuff inflation
phase.

Fig. 7. (a) Ratio showing the change of maximum amplitude during cuff deflation in relation to
value obtained from previously conducted inflation phase. (b) Ratio showing the percentage of
maximum oscillation amplitude to full signal span.

The ratio of oscillation amplitude to overall signal level change in PPG channels is
shown on Fig. 7(b). For IR, the majority of level change is coming from the oscillations.
Contrarily, for green PPG the oscillations are very small compared to level changes.
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4 Discussion

In this study, the oscillometric envelope was examined using cuff pressure scan and
assuming the mean BP level remains constant. Although this principle is used widely
in BP measurement devices, more accurate results could be achieved when beat-to-beat
BP level is simultaneously measured. In this case the pulse amplitudes can be related
more correctly to transmural pressure, not to cuff pressure. The simplification of using
only the cuff pressure may lead to estimation of wider WOE when during scan the BP
changes in the same direction as the cuff pressure does; and the estimated WOE would
be narrower, when the BP change is in the opposite direction.

The LEDs in our experiments were located in consideration of possible light path
length through the tissues: green is closest to photodiode and IR is farthest. So actually,
the PPG system is in reflectance mode for green, and gradually turns into more and more
transmittance mode for every longer wavelength. To avoid this additional influencing
factor, some authors irradiated light from several sources into common fiber light guide,
so the contact distance between the source and detector is constant for every wavelength
[3] or placed several LEDs very compactly onto one common base [4]. However, in this
case the common ligth path for all LEDs should be short, because shorter lightwaves
can not reach longer distances and the ability of longer lightwaves to collect signal over
larger region would be lost. So we tried to use the potential of all PPG channels, but it
should be kept in mind that the wavelength was not the single factor.

Main variation in parameters of oscillometric envelope came from different blood
pressures in subjects. For subjects with higher mean arterial pressure the CP-MO is
higher, for subjects with higher pulse pressure the WOE is larger. We did not notice
isolated age-related differences.

Some variation of results is caused by different size of fingers of subjects. It can be
expected that in persons with thicker fingers the oscillometric envelopes at neighbouring
wavelengths differ more.

The information source of most BP devices is pneumatic, i.e., pressure pulses.
Because of that it would be useful to know factors affecting the pneumatic oscillo-
metric envelope. To estimate arterial pressure, the best information source would be
related to arteries, but not to smaller vessels. Infrared PPG has the best ability to reach
deeper tissues and therefore, has the best potential to reflect true arterial volume changes.
As the finger is fully surrounded by the cuff, the pneumatic signal should reflect arterial
volume changes well. But our experiment showed that for pneumatic signal the CP-MO
was mostly closer to yellow or orange channel, which can lack capturing some portion
of arterial signal. One explanation is that the CP-MO for pneumatic signal differs from
infrared because under ends of the cuff the pressure transmission to deeper tissues is
weaker and part of the signal is collected over region under different transmural pressure.
Hence one can say, the cuff side effect for pneumatic channel was approximately equal
to inability to capture whole arterial volume change by yellow or orange light PPG.
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5 Conclusion

In this methodological study the finger was used as a model for any PPG-based oscil-
lometric measurement. The simultaneous registration of pneumatic and several PPG
signals showed differences in oscillation envelopes, reflecting that each signal is col-
lected over specific region of tissues. Every other measurement site has its own proper-
ties; but the same tendencies we found in fingers, describing how the results depend on
wavelength of PPG, are present for all sites.

One concern related to continous finger BP measurement by volume clamp method
is the change of vascular tone which alters the level of infrared PPG channel [8]. Because
of that the measurement should be stopped frequently to recalibrate the setpoint. Using
hardware described in this study, it would be possible to investigate whether information
from other PPG channels could help compensate the level shifts in infrared PPG channel.
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Abstract. Accuracy and precision determination of the heart rate variability
(HRV) or especially the variability of HRV require high fidelity measurement
of inter beat intervals (IBI) in the ECG, inter pulse interval in the PPG signals, and
in CorSense sensor for mobile Elite HRV application. These signals are collinear
which happen when PPG, ECG, and Elite HRV data contain accurate and precise
variables in a parallel measurement.

The ECG, PGG, and Elite HRV values are taken into consideration for oppor-
tunity to realize a practical, cheap, and easy health condition detection system for
cardiovascular diagnosis. PPG could be applied for measuring the physiological
state of individuals along their ages in daily life and it could connect healthcare
applications seamlessly with other biosensors. This work is collecting each sig-
nal of the ECG, PPG, and mobile HRV sensor parallel and simultaneously of 35
persons (11 female). The results visualization is based on the precise and accu-
rate data on the merged Poincaré plot analysis so that extra or lagging beats were
cancelled. Then the data is highly correlated with each other based on the corre-
lation coefficient (R2), and the variance inflation factor (VIF) which is also very
informative factor. Elite HRV may be a preferred method of HRV data collection
for young person due to its practicality. However, older people needs an accurate
device to get reliable result to get rid many erratic heart beats such as premature
heart beats. Accordingly, few studies exist that asses the accuracy of combined
ECG, PPG & Elite HRV.

Keywords: Photoplethysmogram (PPG) · Electrocardiogram (ECG) · heart rate
variability (HRV) · mobile Elite HRV app · CorSense sensor · Poincaré plot

1 Introduction

Health and well-being depend very much on your own. Deep knowing your heart and
especially your heart rate (HR) can save you. That’s why development of accurate auto-
matic HR measurement systems using a minimum number of bio-signals, e.g., pho-
toplethysmographic devices (PPG), have become a challenging issue for personalized
medicine. According to the report on the global PPG Sensors market size, only the local
PPG sensor market in the USA was valued USD 874.93 million during last year and
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is expected to expand at a CAGR of 42.1% during the forecast period, reaching USD
7204.82 million by the year 2028. The report can predict about many upcoming custom
trends and it is believed to change in future consumer behavior in PPG markets using
HR and especially heart rate variability (HRV) documentation. Here we designed both
ECG and PPG amplifier for the accurate and precise comparison measurements with the
CorSense and the Elite HRV mobile app with Samsung phone.

2 Methodology of the Heart Rate Variability Measurement

Heart Rate Variability (HRV) means the difference in time between heartbeats (R-R
intervals, or inter beat intervals (IBI)), and variability of HRV likewise means the dif-
ference in time between HRV measured in milliseconds [ms]. For the accurate HRV
readings, it is necessary to make sure that the PPG measured location from the fingertip
is placed over the sensor window and lighted correctly, and not moved or talked during
the PPG measurement. The body should be in the same position during all readings,
while the heart rate and breathing should be stable.

Our PPG sensor construction is based on the compact reflective phototransistor in
which the reflective photomicrosensor incorporates an emitter and a detector, and they
are combined. The fingertip is located in the sensing area of the photomicrosensor,
where the blood reflects and scatters the optical beam of the emitter and changing the
amount of optical energy reaching the detector as a function of synchronously beating
capillary blood flow. In the PPG sensor the photomicrosensor’s emitter and detector are
on the same side of the finger as reflective mode whereas in the CorSense sensor of
Elite HRV application in the studied PPG sensor the photomicrosensor’s emitter and
detector are as transmission mode on the opposite side of the measured fingertip. In the
mobile PPG, a heart pulse curve is captured continuously producing the heart rate data,
and HRV which is shown continuously on the mobile display. Later it is possible to
calculate also the variability of HRV. The high resolution ECG data was collected with
means of a high impedance ECG amplifier with the sampling rate of 1 kHz. The ECG
electrodes were the monitoring disposable INTCO sensors. These sensors measure one
channel high resolution ECG with three electrodes with the amplitude resolution of 16
bit ADC. The PPG data collection was based on the photomicrosensor’s emitter and
detector (component: Omron ee-sy113) which are on the same side (reflective mode)
of the fingertip with the sampling rate 1 kHz. The Elite HRV CorSense PPG sensor is
working on the other way in transmission mode with sampling rate 500 Hz. Before the
measurement we used skin warm tap water, and the comfortable skin temperature was
received for improving the quality and accuracy of the PPG signals, but it did not cause
any effect on the quality or precision of ECG signal. However, the room area, devices
and device construction, and personal factors can affect the variability in the measured
signals and can cause artefacts especially in optical signal which can cause errors within
the analysis of the signal.
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Detailed information on the key regulatory HRV and variability of HRV parame-
ters will create novel opportunities both for health technology intervention and sick-
ness conditions where anemia, ischemia, inflammation, diabetes type II, heart diseases,
COVID-19 virus, or lack of oxygen uptake could be present [1–3].

Both ECG and PPG sensor provide acceptable measurement results, and the heart
rate variability sensor CorSense provide also an acceptable agreement for the measure-
ment of Poincaré plot parameters (SD1, SD2 in ms) when compared with ECG and
PPG records. HRV parameters could predict heart disease at early stages, what’s why
precision and accuracy in achieved results are important. Because Poincaré plot analysis
is almost immune to artefacts these artefacts are easily detected. Detailed information
on the key regulatory HRV parameters will create novel opportunities both for health
technology intervention and sickness conditions where anemia, ischemia, inflammation,
heart diseases and lack of oxygen uptake could be present.

In the Figs. 1 and 2 it is shown the ECG amplifier with its circuit components and
the PPG amplifier with its circuit components, respectively.

Fig. 1. The ECG amplifier for the ECG application with battery (1.5 V) powered, designed by K.
Määttä.
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Fig. 2. TheOPA4354 devices are the photodiode transimpedance amplifiers for the Photoplethys-
mographic application with battery (9 V) powered, designed by E. Vihriälä.

Fig. 3. The measured PPG (red) and ECG (blue) in an arbitrary voltage scale with means of the
NI Signal Express software.

3 Results

In Fig. 3 it is shown the measurement signal record for 3 s of a 28 y male, ECG (blue)
and PPG (red). In Fig. 4, the IBI data measured with ECG (black), with PPG (red), and
with mobile CorSense for Elite HRV app (blue) clearly overlap on the whole record
time shown as a function beat number (Fig. 4 (A)). On the Fig. 4 B the IBI points
overlap showing good correlation coefficient, R2 and VIF value. The Poincaré plot
shows accurately the measured signal triadic (ECG, PPG, Elite HRV) on the IBI cases
(Fig. 4 (C)). The same kind of data is shown in Fig. 5 for an older male test persons.
In each case the ellipse of the Poincaré plot for ECG has the smallest number of SD1
and SD2 compared with the ellipses of the PPG or Elite HRV data. The IBI data do not
overlap so clearly as in Fig. 4 but the trend and range are in good relation in Fig. 5. Each
applications (ECG, PPG, and CorSense with Elite HRV) can be implemented to monitor
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HRV using 5 min length measurements for the young but carefully for the elderly cases.
In the elderly cases there is much scattered data in each analysis step, especially the
correlation coefficient (R2) and VIF value. The R2 is a statistical measure of the strength
of a linear relationship between IBI of ECG vs. IBI of PPG, or IBI of ECG vs. IBI of
Elite HRV.

Fig. 4. (A) The IBI measured with ECG (black), PPG (red), and mobile CorSense with Elite app
(blue) in the overlapped absolute scale, (B) the correlation between IBI of ECG vs IBI of PPG
(red), and IBI of Elite HRV (black, overlap) with the VIF (114 for ECG vs Elite HRV, and 45
for ECG vs PPG), and (C) the corresponding merged Poincaré plots with the parameters where
ECG(red), PPG (blue); and Elite (green) for a 28 y healthy male. The SD1 value 20,9812 for ECG,
23,6281 for PPG, and 22,9408 for Elite HRV, and the SD2 value, 91,5073, 94,995, and 96,6858,
respectively (in Fig, B & C axis in [ms]). (Color figure online)
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Fig. 5. (A) The IBI measured with ECG (black), PPG (red), and mobile CorSense with Elite app
(blue) in the overlapped absolute scale, (B) the correlation between IBI of ECG vs IBI of PPG
(red), and IBI of Elite HRV (black) with the VIF, and (C) the corresponding merged Poincaré plots
with the parameters where ECG (red), PPG(blue); and Elite (green) for a 71 y healthy male (in
Fig. 5 B & C axis in [ms]). (Color figure online)

In the Table 1 it is shown the measurement results of 35 test persons (11 females)
for the ECG and Elite HRV calculations with gender, correlation coefficient (R2), age,
SD1, and SD2 for both ECG and Elite HRV. SD1 is under 10 over the 60 y people, and
their SD2 is under 25 with a few exceptions. We conclude that healthy elderly people
present decreased HRV compared with healthy young people indicating that they have
decreased autonomic nervous modulation when compared to young people. In the young
persons the both values are invariably larger than older people. The older people could
be prone to various diseases, especially cardiovascular diseases, if their HRV values are
low. It is important to research the function between standardmeasuring devices and new
mobile instruments before they could be adapted to use in public over HR variability and
other parameters. A poor performance of HRV estimation with PPG devices was found
in uncontrolled conditions highlighting the need for improvements in the biomedical
technology and biological signal analysis methods [1, 2].
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Table 1. Table on the results of 35 test persons with, gender, age, correlation coefficients (R2),
SD1, and SD2 for the ECG and Elite HRV

gender age R2 SD1 SD2 SD1 SD2

ECG ECG Helite HRV Helite HRV

M 42 0,995 34,6 118,8 38,7 129,2

M 28 0,996 30,99 127,7 33 129,6

M 69 0,932 6,25 11,1 9,21 12,15

M 74 0,877 20,45 27,384 18,825 27,1557

M 63 0,92 8,555 35,65 16,589 37,555

M 85 0,8316 6,7 30,1 10,284 31,147

M 34 0,992 20,611 43,881 22,872 44,628

M 65 0,994 10,688 40,519 11,894 40,808

M 25 0,998 17,211 54,612 17,587 56,546

M 54 0,985 9,415 22,689 10,397 24,026

F 75 0,96 7,1 14,689 9,818 16,386

M 30 0,991 5,07 22,207 5,658 22,815

F 27 0,992 11,35 31,537 11,214 31,8444

F 26 0,984 21,495 44,549 22,259 45,817

M 26 0,9967 97,775 145,316 98,889 151,161

F 39 0,993 25,27 68 26,194 68,75

M 43 0,992 10,133 58,111 12,21 60,072

M 50 0,991 8,6855 25,31 8,631 25,59

F 68 0,991 7,899 23,316 8,995 24,662

F 79 0,982 9,636 11,299 9,6587 11,415

M 34 0,999 85,996 178 87,307 181,512

M 60 0,956 5,874 23„827 8,0358 24,5

M 49 0,997 28,39 67,127 29,071 67,602

M 35 0,989 37,707 55,173 38,116 56,336

F 35 0,993 42,138 58,638 44,056 59,14

M 27 0,997 26,614 91,342 28,381 94,85

F 34 0,995 24,172 42,257 22,818 41,756

F 27 0,998 67,821 87,596 69,293 90,54

M 75 0,978 8,739 16,581 10,043 16,881

M 24 0,997 24,657 59,748 26,449 63,161

M 62 0,992 12,789 24,984 13,766 26,08

(continued)
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Table 1. (continued)

gender age R2 SD1 SD2 SD1 SD2

ECG ECG Helite HRV Helite HRV

M 23 0,997 24,833 67,792 25,345 69,505

M 36 0,988 14,484 23,188 15,933 24,071

M 21 0,997 12,793 55,828 13,176 57,258

M 25 0,986 24,736 65,584 27,658 70,678
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Abstract. Chronic Kidney Disease (CKD) is one of the non-communicable dis-
eases that is constantly growing. In Mexico, about 10% of deaths are due to CKD,
and it also represents one of the most frequent comorbidities in the population.
Treatment options include organ replacement, which is clinically and financially
complex, and hemodialysis. There is insufficient information on the number and
status of patients with CKD in Mexico, so determining the need to care for them
must be approached through an approximation. This paper presents a proposal to
determine the technological resource (number of hemodialysis machines) to serve
a previously identified population profile through contextualizing the available
clinical, socioeconomic, and technological information and adapting a resource
allocation method. Infrastructure, clinical, social, and economic profile indicators
were proposed and incorporated into an adapted version of the Resource Allo-
cation Working Party (RAWP) focus formula from population to equipment to
calculate the State Weighted hemodialysis machines. Using the 2020 data pub-
lished by the Mexican Ministry of Health and The National Institute of Statistics
and Geography, the developed approach found that the requirement of more than
20 000 machines is estimated to meet the needs for the female population between
24–49 years old with low levels of schooling, informal economic activities and
still living in underdeveloped central areas. The approach has significant limita-
tions due to the availability and reliability of the information and the exclusion of
private services. CKD care and financing through hemodialysis must be planned
considering the different contexts in which the population is found.

Keywords: Hemodialysis units · Health resource allocation · CKD

1 Introduction

Chronic Kidney Disease (CKD) is a non-communicable disease that continues to rise in
prevalence. Mexico ranks sixth in the world for premature death rates related to CKD
and presents a country’s age-standardized CKD mortality rate of 58.1 deaths per 100
thousand inhabitants, doubling the figure in 17 years [1]. The significant rise in the
mortality rate can be attributed to the increasing burden of risk factors such as diabetes,
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hypertension, and obesity, an inadequate access to preventive measures and resources
facilitating early disease management, and the limited availability of renal replacement
therapy (RRT), particularly among the low-income demographic [2]. CKD treatment
options include organ replacement, which is both clinically and financially challenging
[3], andhemodialysis. Peritoneal dialysis is another option that has been shown to be cost-
effective with respect to hemodialysis [4, 5]; other findings show that timely referral and
proper education about dialysis options can help identify a substantial group of patients
who can be effectively treated with home dialysis [6].

Studies on access to these treatments to identify equity gaps have underpinned the
relevance of acting in low and middle-income countries [7], addressing the needs of
minority groups [8] and comorbidities [9]. Access to treatments in Mexico poses a
situation of inequity because the cost and dedication in time demanded by the patient
cannot always be covered, the number of establishments that offer these treatments is
not completely displayed in the reported records, and there is no certainty about the
regulatory compliance to which they must submit to offer a safe and effective service.
The health system is fragmented; the economically active population receives health
insurance according to their job description; economic instability causesmore significant
movements in jobs, and this, in turn, causes greater pressure that is reflected in the
neglect of chronic diseases, in addition to the financial weight that treatments imply and
that frequently cannot be absorbed. Due to insufficient information on the number and
condition of CKD patients inMexico, determining the appropriate care for them requires
an approximate approach.

The disease analysis approach to identify lags in access to treatment has shown
essential differences when approached from the gender perspective. Women have more
predialysis chronic kidney disease (CKD) than men. This difference can be attributed to
the longer life expectancy of women and the possible overdiagnosis of CKDwhen using
estimated glomerular filtration rate equations. Men generally have a better perceived
health-related quality of life than women on renal replacement therapy (RRT), as per
studies. On the other hand, women report a higher symptom burden and greater symptom
severity than men [10].

A recent study carried out in the most significant public health systems in Mexico
indicates that the cost of the first year of hemodialysis per capita is around 39 thousand
dollars [11], an amount that most of the population cannot fully cover. The economic and
social backwardness in which women in rural areas live, where they dedicate themselves
to low-paid or unpaid work, and therefore without social security, places them in a
vulnerable situation to face the burden of this disease. Even though this population
profile is not the only vulnerable one (children and older people), it does represent
a problem of a social and economic nature since women in the productive age range
represent the primary breadwinner in 33% of Mexican households [12].

Based on the results of a study on equity in CKD for the female population in Mex-
ico, this paper presents a proposal to determine the number of hemodialysis machines
required to meet the target population requirements. Taking as a premise the probability
of mortality from CKD for a woman, social, economic, and demographic characteristics
that determine this condition were identified, which were used to build a model that used
principles of resource allocation.
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2 Methods

2.1 Determinants

The results obtained from [13] claim that the highest incidence rate for chronic kidney
disease in the female population corresponds to the adult woman of intermediate age
whoworks in the tertiary sector (informal activities that do not have a fixed remuneration
such as salary and are excluded from institutional health services), with low education
and who live in rural areas of the central zone of the country. The intermediate age of
adulthood was set between 24 and 49 years since this interval precedes mature women
(50+) and follows young adults (18–24), although some sources place the maximum up
to 44 years [14]. Rural areas are those whose development is behind urban areas; the
interval considered in the reference source was taken, while the states that make up the
country’s central zone were selected considering their geographical location. Based on
this description, the information for this profile was obtained from the National Institute
of Statistics and Geography (INEGI) [15] and the Mexican Ministry of Health [16]. The
results section specifies how we obtained the variables and their corresponding values
for each state.

2.2 Model

The model aimed to determine the necessary number of hemodialysis machines in each
state, considering the target population specifications, infrastructure, and epidemiolog-
ical information. The multiple criteria decision-making process, known as the analytic
hierarchy process (AHP), was utilized to define and evaluate the variables used in the
model. The hierarchical analysis identified the variables with the highest weight to pro-
pose a resource allocation model based on the classic principles of population-weighted
allocation. These principles consider factors such as age structure, health needs, and
service delivery costs. A combination of these factors is used to calculate the weighted
population (WP) of an authority. A similar approach was made to determine the number
of mammography machines for screening [17]. The model uses the following equation:

WP = POP ∗ (1 + a) ∗ (1 + n) ∗ (1 + c) (1)

The unweighted population (POP) uses age (a), needs (n), and cost (c) adjustments
[18], which were used to determine the weight for each characteristic set, and the model
followed a customized approach for hemodialysis resource allocation for the rural areas
of the central States.

State’s weighted hemodialysis machines (SWHdM): the objective is to determine the
required number of machines for the target population. We changed the emphasis in
the original model from the population to the rural State’s technological infrastructure
capacity.

Adjustments: Adjustments were made to reflect the target population’s characteris-
tics, infrastructure, and epidemiological data. The formula for the model is expressed
as

SWHdM = NSWHdM ∗ (1 + FP) ∗ (1 + ProfSocEc) ∗ (1 + Inf ) (2)
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NSWHdM is the unweighted State’s hemodialysismachines calculated under different
operational capacity assumptions, and FP, Prof SocEc, and Inf are objective adjustments
for female target population, Socio economic profile and infrastructure information.

3 Results

3.1 Model Variables

The selection of variables for the estimation were female population, schooling level,
residence area, economic activity, number of hemodialysis machines and CKD preva-
lence in target population. Asmentioned, we obtained these variables by analyzing CKD
incidence determinants for the target population [13]. Table 1 shows the weights of each
variable and the category to which they were assigned. The weights were calculated by
taking the average of the heuristically assigned values for each variable’s impact on the
others, ensuring their consistency in each instance, and analyzing them concerning the
potential solutions to the problem at hand, which in this scenario were the categories in
which they were classified.

Table 1. Variable weights form AHP

Variable Weight Category

Female population (24–49) 0.092 Target population

Schooling level 0.149 Socio economic

Residence area 0.160 Target population

Economic activity 0.053 Socio economic

Number of hemodialysis machines 0.321 Equipment

CDK prevalence in target population 0.224 Epidem. Indicators

Then, we proceeded with defining the measurement of each variable and its
integration into the model.

3.2 Target Population

Based on the profile of the target population, intermediate adult women living in rural
areas in the center of the country, we identified the following variables:

• Women between 24–49 years old living in rural areas (FPRural). The proportion of
this population concerning the total target population in the state (FPRuralSt) was
calculated.

• Rural areas.- Populations between 10,000 and 20,999 inhabitants.
• Central part of Mexico.- Mexico City, Hidalgo, State of Mexico, Morelos, Tlaxcala,

and Querétaro.

We added the number of municipalities where the rural areas where the target pop-
ulation lives (MunFP_R) and the total number of municipalities (MunTot) to obtain the
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proportion. In addition, information on the municipalities was added since, administra-
tively, the rural areas are designated to them. Table 2 shows the values found to determine
this variable and its determination for each rural region.

Table 2. Target population in the States rural areas

State FPRural FPRuralSt Prop.
FPRural/FPRural St

MunFP_R MunTot Prop. Mun
FP_R/Tot

Mexico
City

35 805 1 833 770 0.0195 3 17 0.1765

Hidalgo 94 213 580 578 0.1623 19 84 0.2262

Mexico
State

375 741 3 262 149 0.1152 55 125 0.4400

Morelos 64 381 363 833 0.1770 16 36 0.4444

Tlaxcala 53 912 247 317 0.2180 18 60 0.3000

Queretaro 64 764 468 056 0.1384 7 18 0.3889

3.3 Socioeconomic Profile

We generated the socioeconomic profile from the information on schooling and eco-
nomic activity. The determinant of low schooling was obtained by counting the number
of women in the target population (24–49 in rural areas of centralMexico) whowere illit-
erate, without schooling, or with incomplete primary school (SchRural), and we obtained
the proportion concerning the state (Prop. SchRural/SchRural St). For the economic vari-
able, the determinant indicates tertiary activities not covered by any health insurance
scheme. As the information cannot be obtained directly, we proceeded with the calcula-
tion of the proportion of the uninsured target population (Prop. NHE FP_R/FPTot) based
on the percentages of the uninsured population by state (%NEHSt) and the calculation
of the target population (FPNEH_St). The results are shown int Table 3.



210 F. M. Martinez-Licona et al.

Table 3. Target population socio economic profile

State SchRural SchRuralSt Prop.
SchRural /SchRural St

%NEHSt FPNEH_St Prop. NHE
FP_R/FPTot

Mexico
City

8 590 341 683 0.0251 27.4 9 810 0.0195

Hidalgo 21 645 276 422 0.0783 30.3 28 546 0.1623

Mexico
State

98 181 971 752 0.1010 33.7 126 624 0.1152

Morelos 26 755 140 112 0.1910 28.1 18 091 0.1770

Tlaxcala 16 175 74 561 0.2169 28.2 15 203 0.2180

Queretaro 12 409 132 578 0.0936 20.9 13 535 0.1384

3.4 Infrastructure

This category includes the number of hemodialysis machines (#HdM). We formed the
variable by considering the presence of hemodialysis machines in rural areas concerning
the number of municipalities in the state. The relationship between the number of munic-
ipalities and rural areas was calculated as an intermediate variable (V = #Mun/Rural)
later to calculate the proportion of hemodialysis teams in rural areas (Prop. #HdU/Rural),
as shown in Table 4.

Table 4. Infrastructure

State #HdM V = #Mun/Rural V/ MunTot Prop. #HdM/Rural

Mexico City 182 0.3000 0.0176 3.2118

Hidalgo 5 0.7600 0.09000 0.0452

Mexico State 179 0.4583 0.0037 0.6563

Morelos 12 0.7273 0.0202 0.2424

Tlaxcala 18 0.9000 0.0150 0.2700

Queretaro 1 0.3684 0.0205 0.0205

3.5 Number of Hemodialysis Machines

To determine the number of hemodialysis machines per State, we calculated the average
of the variables for each category (bold values fromTables 2 to Table 4) and then included
them in Eq. 2. The unweighted State’s number of hemodialysis machines (NSWHdU-6)
corresponds to the number of machines for every six patients based on considering three
6-h shifts with 3 h per treatment. Calculations were also made for the case of four 6-h
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Table 5. Number of hemodialysis machines per State for the target population

State FP Prof SocEc Inf NSWHdM-6 SWHdM-6 *SWHdM-8

Mexico City 0.0980 0.0223 3.2118 5 967.50 28 213.07 21 159.80

Hidalgo 0.1942 0.1203 0.0452 15 702.17 21 958.06 16 468.54

Mexico State 0.2776 0.1081 0.6563 62 623.50 146 845.02 110 133.77

Morelos 0.3107 0.1840 0.2424 10 730.17 20 687.77 15 515.83

Tlaxcala 0.2590 0.2175 0.2700 8 985.33 17 491.09 13 118.32

Queretaro 0.2636 0.1160 0.0205 10 794.00 15 533.12 11 649.84
* The NSWHdM-8 results are not shown

shifts with the same treatment time, giving eight patients attended per day (NSWHdU-8).
The results are shown in Table 5.

The data obtained correspond to the number of units for the established target popu-
lation. We incorporated the epidemiological variable by considering that in Mexico, the
prevalence of CKDwas 12.2% by 2022 [19] was taken as a basis to redo the calculations
of the target population variable. Since a hemodialysis machine requires facilities to
operate correctly, the number of hemodialysis units (HdU) was calculated based on a
model of 16 machines [20]. The results obtained for the number of units under these
conditions are shown in Table 6.

Table 6. Number of hemodialysis units per State for the target population considering CKD
prevalence

State SWHdM-6 HdUHdM-6 SWHdM-8 HdUHdM-8

Mexico City 3 415.12 213.44 2 561.34 160.08

Hidalgo 2 519.08 157.44 1 889.31 118.08

Mexico State 17 206.04 1 075.37 12 904.53 806.53

Morelos 2 374.32 148.39 1 780.74 111.29

Tlaxcala 1 971.71 123.23 1 478.79 92.42

Queretaro 1803.94 112.74 1 352.96 84.55

4 Discussion

Calculating the number of equipment to meet a health need depends on many factors,
such as the mode of use, the target population, or even the infrastructure required to
make them work. In the case of the hemodialysis machines, the situation increases the
degree of complexity since the machine by itself will not operate correctly: specialized
facilities are required to manage the quality of the water that will be used, distribution of
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equipment to attend to patients comfortably, human resources that care for the patient and
supervise the treatments, etc. The segmentation of the target population with specific and
contextualized characteristics allows dimensioning the challenge that involves meeting
their needs with technological resources and the financial burden it implies. The results
reaffirm prompt action to maintain control over the disease burden in this sector, which
is vulnerable by nature.

The degree of complexity involved in specifying the resources in health interventions
has led to the creation of theories and methods to meet the needs that arise from this
problem. Proposals have been developed to address health resource allocation problems
through simulation, optimization, and forecasting techniques [21] or to analyze equity
and efficiency at the primary level [22]. In this work, a first approximation was devel-
oped to determine the size of the technology park from a theoretical framework directed
to defining the health resources by identifying the determinants that describe it (pop-
ulation, need, and cost). Our adaptation was based on the factors specifying the target
population found in [13] to clarify the specific determinants for the problem (population,
socioeconomic profile, and infrastructure).

The central zone of Mexico has states with economic and social attractions for the
population, such as the states’ capital cities: Mexico City even as the national capital
or Queretaro as a highly industrial city. The State of Mexico has the largest population
in the country, and its geographical condition and demography show a distribution of
important urban and rural areas. In the case ofMexicoCity, the rural areas identified in the
population censuses meet the criteria mentioned in the target population and correspond
to bordering areas of the state where there are lags in the provision of healthcare services,
so the population has to move to the regions with the highest concentration in the state
where the hospitals that can provide the service are located.

Although a high number of the required equipment is obtained, some aspects
that limit its interpretation should be considered. The information comes from offi-
cial sources; although the demographic and socioeconomic data have a high degree of
reliability, the same does not happen with those related to the hemodialysis machine
and the epidemiological part. This situation is more notable when Table 1 indicates that
these factors have greater weight than the rest. The list of hemodialysis machines used
belongs to public institutions; private services are not included. There is no record of the
treatments that patients take; since hemodialysis is a recurrent treatment, the quality of
life is altered when it is not followed up, and the lack of records does not allow it to be
adequately tracked. The number of machines was calculated based on continuous shifts
and with a minimum time considered per patient, although the average time is higher
[23]; it should be taken into account that this time must cover the preparation of the
patient before and after treatment, hemodialysis, cleaning and adaptation of the station
for the next patient, and that patients do not present additional special requirements as
a consequence of comorbidities. These factors will alter the results, causing an increase
in the number of machines. The model tried to calculate by integrating contextualized
information to appreciate the target population’s situation better. Regardless of whether
the values obtained are high or not, the need to address this health problem with pro-
grams aimed at planning care areas that are physically closer to people, that promote its
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prevention and control its progress, is evident. as it has been exposed in other studies as
in [24].

5 Conclusions

We proposed a resource allocation-based model to determine the required hemodialysis
machines for a specific target population in Mexico. The female population between
24–49 years old with low levels of schooling, informal economic activities, and living
in underdeveloped central areas need more than 20 thousand machines to meet their
needs. Further analysis of the determinants of access to the service and the equipment
proposals is addressed, particularly modifications to the model parameter calculation,
alternative model proposals and approaching the lack of data.

References

1. Bikbov, B., et al.: Global, regional, and national burden of chronic kidney disease, 1990–
2017: a systematic analysis for the global burden of disease study 2017. Lancet 395(10225),
709–733 (2020). https://doi.org/10.1016/s0140-6736(20)30045-3

2. Gonzalez-Bedat, M., Rosa-Diez, G., Pecoits-Filho, R., et al.: Burden of disease: prevalence
and incidence of ESRD in Latin America. Clin Nephrol 83(7 Suppl 1), 3–6 (2015)

3. Garcia-Garcia, G., Tonelli, M., Ibarra-Hernandez, M., et al.: Access to kidney transplantation
inMexico, 2007–2019: a call to end disparities in transplant care. BMCNephrol 22, 99 (2021).
https://doi.org/10.1186/s12882-021-02294-1

4. Klarenbach, S.W., Tonelli, M., Chui, B., Manns, B.J.: Economic evaluation of dialysis
therapies. Nat. Rev. Nephrol. 10(11), 644–652 (2014). https://doi.org/10.1038/nrneph.201
4.145

5. Assanatham,M., Pattanaprateep, O., Chuasuwan,A., et al.: Economic evaluation of peritoneal
dialysis andhemodialysis inThai populationwith end-stage kidneydisease.BMCHealthServ.
Res. 22, 1384 (2022). https://doi.org/10.1186/s12913-022-08827-0

6. Mendelssohn, D.C.,Mujais, S.K., Soroka, S.D., Brouillette, J., et al.: A prospective evaluation
of renal replacement therapy modality eligibility. Nephrol. Dial. Transplant. 24(2), 555–561
(2009). https://doi.org/10.1093/ndt/gfn484

7. Van Biesen, W., Jha, V., Abu-Alfa, A.K., et al.: Considerations on equity in management
of end-stage kidney disease in low-and middle-income countries. Kidney Int. Suppl. 10(1),
E63–E71 (2020). https://doi.org/10.1016/j.kisu.2019.11.004

8. Roberts, B.T., Rodgers, G.P.: NIDDK initiatives addressing health disparities in chronic
diseases. J. Clin. Investig. 130(10), 5036–5038 (2020). https://doi.org/10.1172/JCI141563

9. Mohamed, N.E., et al.: Association between chronic kidney disease and COVID-19-related
mortality in New York. World J. Urol. 39(8), 2987–2993 (2021). https://doi.org/10.1007/s00
345-020-03567-4

10. Carrero, J., Hecking, M., Chesnaye, N., et al.: Sex and gender disparities in the epidemiology
and outcomes of chronic kidney disease. Nat. Rev. Nephrol 14, 151–164 (2018). https://doi.
org/10.1038/nrneph.2017.181

11. Sánchez-Cedillo, A., Cruz-Santiago, J., Mariño-Rojas, F.B., Hernández-Estrada, S., García-
Ramírez, C.: Disease burden: renal failure, dialysis-hemodialysis and renal transplantation in
Mexico. Cost of Disease (In Spanish). Rev. Mex. Traspl 9(1), 15–25 (2020). https://doi.org/
10.35366/94025

https://doi.org/10.1016/s0140-6736(20)30045-3
https://doi.org/10.1186/s12882-021-02294-1
https://doi.org/10.1038/nrneph.2014.145
https://doi.org/10.1186/s12913-022-08827-0
https://doi.org/10.1093/ndt/gfn484
https://doi.org/10.1016/j.kisu.2019.11.004
https://doi.org/10.1172/JCI141563
https://doi.org/10.1007/s00345-020-03567-4
https://doi.org/10.1038/nrneph.2017.181
https://doi.org/10.35366/94025


214 F. M. Martinez-Licona et al.

12. National Institute of Statistics and Geography (INEGI). https://cuentame.inegi.org.mx/pob
lacion/hogares.aspx

13. Aguilar-Bustamante, F., Molina-Salazar, R.E., Amozurrutia-Jimenez, J.A., Martinez-Licona,
F.: Healthcare equity and chronic renal failure in Mexico: an analysis for the case of women.
Medwave 19(3), e7619–e7619 (2019). https://doi.org/10.5867/medwave.2019.03.7619

14. National population council (CONAPO) at: http://www.conapo.gob.mx/work/models/CON
APO/Resource/1342/1/images/02introduccion.pdf. 28 Mar 2023

15. National Institute of Statistics andGeography (INEGI). https://www.inegi.org.mx/programas/
ccpv/2010/default.html#Datos_abiertos

16. Ministry of Health at https://datos.gob.mx/busca/dataset/recursos-en-salud-nivel-central. 3
Feb 2023

17. Martinez-Licona, F.M., Martinez-Vazquez, C.M.: A proposed model for calculate the num-
ber of mammography machines for the south-west area of Mexico. In: IX Latin American
Congress on Biomedical Engineering Proceedings, Florianopolis Brazil (in press)

18. Peacock, S., Smith, P.: The resource allocation consequences of the new NHS needs formula.
York Centre of Health Economics, University of York (1995)

19. Kidney disease in Mexico: prevention, promotion, care, and follow-up. Mexico City Gov-
ernment at. https://www.gob.mx/salud/prensa/119-enfermedad-renal-en-mexico-prevencion-
promocion-atencion-y-seguimiento?idiom=es. Accessed 5 Apr 2023

20. Ávila-Palomares, P., López-Cervantes,M., Durán-Arenas, L.: Calculating the optimum size of
a hemodialysis unit based on infrastructure potential. Salud Pública deMéxico (52), 315–323
(2010). https://www.scielo.org.mx/pdf/spm/v52n4/v52n4a07.pdf

21. Ordu, M., Demir, E., Tofallis, C., Gunal, M.: A novel healthcare resource allocation decision
support tool: a forecasting-simulation-optimization approach. J. Oper. Res. Soc. 72(3), 485–
500 (2021). https://doi.org/10.1080/01605682.2019.1700186

22. Zhang, Y.,Wang, Q., Jiang, T.,Wang, J.: Equity and efficiency of primary health care resource
allocation in mainland China. Int. J. Equity Health 17, 1–12 (2018). https://doi.org/10.1186/
s12939-018-0851-8

23. National Institute of Diabetes and Digestive and Kidney Diseases. Hemodialysis at,
14 April 2023. https://www.niddk.nih.gov/health-information/kidney-disease/kidney-failure/
hemodialysis

24. Agudelo-Botero, M., González-Robledo, M.C., Reyes-Morales, H., et al.: Health care tra-
jectories and barriers to treatment for patients with end-stage renal disease without health
insurance in Mexico: a mixed methods approach. Int. J. Equity Health 19, 90 (2020). https://
doi.org/10.1186/s12939-020-01205-4

https://cuentame.inegi.org.mx/poblacion/hogares.aspx
https://doi.org/10.5867/medwave.2019.03.7619
http://www.conapo.gob.mx/work/models/CONAPO/Resource/1342/1/images/02introduccion.pdf
https://www.inegi.org.mx/programas/ccpv/2010/default.html#Datos_abiertos
https://datos.gob.mx/busca/dataset/recursos-en-salud-nivel-central
https://www.gob.mx/salud/prensa/119-enfermedad-renal-en-mexico-prevencion-promocion-atencion-y-seguimiento?idiom=es
https://www.scielo.org.mx/pdf/spm/v52n4/v52n4a07.pdf
https://doi.org/10.1080/01605682.2019.1700186
https://doi.org/10.1186/s12939-018-0851-8
https://www.niddk.nih.gov/health-information/kidney-disease/kidney-failure/hemodialysis
https://doi.org/10.1186/s12939-020-01205-4


Patient and Occupational Dosimetry Aspects
of Holmium-166 Radioembolization: Three Case

Studies from Vilnius University Hospital
Santaros Klinikos

Kirill Skovorodko1,2(B), Marius Kurminas1,3, Inga Andriulevičiūtė1,
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Abstract. Radioembolization with Holmium-166 microspheres is a new treat-
ment method which was launched for the clinical use about ten years ago.
Radioembolization with Ho-166 microspheres is a minimally invasive procedure
in which radioactive microspheres are delivered directly to liver tumors via an
interventional radiological procedure. This procedure was launched in Santaros
Klinikos in 2022, with two patients suffering from hepatocellular carcinomas
and one patient with metastatic cholangiocarcinoma being treated. This study
investigated occupational exposure levels under working conditions and patient
dosimetry aspects.

For evaluation of occupational exposure, passive and active dosimeters were
used. Patient dosimetry calculation was done with dosimetry software Q-Suite 2.1
software (Quirem BV). The planar and SPECT/CT images were acquired with a
GE Infinia Hawkeye SPECT/CT system. Interventional surgical procedures were
performed using cath lab angiography systems.

The administered activities for treatment planning were 132, 155 and
170 MBq, whilst the treatment activities were 9.30, 9.78 and 9.84 GBq respec-
tively.

Exposure rates immediately after the surgical procedure and immediately
before discharge 18 h later weremeasured at different positions around the patient.
Contamination measurements were also carried out. After the treatment proce-
dures mean residual activity in the re-usable administration box, vial and the lines
were assessed.
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1 Introduction

Radioembolization is a minimally invasive treatment procedure for patients suffering
from inoperable liver cancer [1]. For this procedure two kinds of radionuclides loaded
into microspheres are used: Yttrium-90 isotope microspheres (SIR-Spheres resin micro-
spheres or glassmicrospheres) andHolmium-166microspheres (poly l-lactic acid), other
microspheres were not authorized for commercial use in Europe [2]. These two radionu-
clides emit high-energy beta particles, however, Ho-166 also emits a low energy and
low intensity gamma photons, that allows Ho-166 location with a gamma camera. These
characteristics of the isotope make it possible to perform personalized dosimetry-based
treatment planning with Ho-166 scout dose [3]. For the procedure to be successful, the
prescribed activity for the treatment dose must be evaluated by dosimetry-based treat-
ment planning procedure. The scout procedure may be also carried out using Tc-99m
MAA (macroaggregated albumin) but localisation is inaccurate as the biodistribution
would be different from that of poly 1-lactic acid [4].

The use of ionizing radiation for human imaging or treatment purposes is strictly
regulated by various standards, guidelines and legislation [5–7]. Administered activity
should be measured and must not deviate from the prescribed administered activity by
more than 5% [6]. Absorbed doses to target volumes should be individually planned [7].
Various sources of uncertainty arise from volume-of-interest, activity meter and SPECT
measurements and dosimetry software calculations [8].

Another concern is associatedwith personnel ionizing radiation exposure control and
the patient discharge from the hospital. Since the legislation and recommendations are
mostly based on I-131 treatment, there is a lack of recommendations for other therapeutic
radionuclides. The aimof the current studywas to evaluate occupational andpatient doses
during radioembolization with Ho-166 microspheres procedure.

2 Materials and Methods

2.1 General Information

RadioembolizationwithHolmium-166microsphereswas launched inVilniusUniversity
Hospital SantarosKlinikos in 2022. In 9-month period (during 2022–2023) three patients
were treated.

2.2 Microspheres Properties

The physical and chemical properties of Ho-166 microspheres allow the effective use
of this radiopharmaceutical for therapeutic procedures. Microspheres are made of poly-
L-lactic acid (PLLA), which contains Ho-166 isotope. The Ho-165 is embedded in the
PLLA matrix an is activated to Ho-166 by neutron activation in a nuclear reactor. Ho-
166 emits high-energy beta particles (1774.32 keV; yield 48.8% and 1854.9 keV; yield
49.9%) and gamma rays (80.57 keV; yield 6.6% and 1379.40 keV; yield 0.9%, half-life
of 26.8 h [9]. Microspheres diameter are in the range of 15–60 μm, density 1.4 g/cm3,
administered through a catheter to a hepatic artery. The paramagnetic properties of Ho
make possible its localisation using MRI.
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2.3 Planning Procedures (Dosimetry and Treatments Process)

Patient dosimetry calculation was done with Q-Suite 2.1 software (Quirem BV). The
same application was used for treatment planning and for treatment evaluation. Treat-
ment planning was done with Ho-166 scout dose. The treatment dose of Ho-166 was
administered approximately 2–3 weeks after the scout dose.

The scout and the treatments dose were injected under interventional angiography
procedure by the physician accompanied by nuclear medicine radiology technologist.

2.4 Activity Measurements

The readings of activity meter (Veenstra VDC-404 and VDC-405) used for checking
of activity (<5% deviation) were verified by the secondary standard chamber Capintec
CRC-15R, No. 158488 (4π γ ionization chamber) brought to hospitals by the Ioniz-
ing Radiation Metrology Laboratory of the FTMC (Center for Physical Sciences and
Technology) that is the National Metrology Institute (NMI) in Lithuania.

2.5 Imaging Process

The planar and SPECT/CT images were acquired with GE Infinia Hawkeye SPECT/CT
system. The data were acquired using protocol parameters: low dose CT, zoom 1, matrix
size 128 × 128, rotation mode, time per projection 30 s, energy peak 81 keV ± 15%,
low-energy high-resolution collimator, Hmode. Interventional surgical procedures were
performed using Philips Azurion 7 cath lab angiography system.

2.6 Dose Rate and Contamination Monitoring

For the discharge process and occupation dose rate measurements, ATOMTEX AT1121
ambient dosimeter was used. For contamination measurements, NuviaTech Healthcare
CoMo 170 contamination monitor was used. Medical personnel radiation exposure data
was measured with POLIMASTER PM1610B-01 and The Thermo ScientificEPD Tru-
Dose. The equipment was metrologically verified by the Vilnius Metrology Centre. The
personnel constantly wear passive dosimeters (thermoluminescent TLD and Optically
Stimulated Luminescence OSL) in order to measure personal dose equivalent Hp(10)
(chest area) and Hp(0.07) (finger) for individual monitoring.

3 Results and Discussion

3.1 Treatment Planning and Treatment Procedure

The administered activities for treatment planning were 132, 155 and 170 MBq, whilst
the treatment activities were 9.30, 9.78 and 9.84 GBq respectively. The quantitative
assessment after the scout dose showed no radiation exposure risk of lung shunting
(calculated lung dose was lower than 25 Gy).

The average duration of the interventional procedure for the administration of the
scout dose of Ho-166 was 90min (the median radiation exposure time was 750 s) and for
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the treatment dose 76 min (the median radiation exposure time was 482 s). The average
value of kerma-area product for the scout dose administration was 78.37 Gy · cm2, for
the treatment dose injection was 36.29 Gy · cm2.

The residual activity in the system after the treatment procedure was in the range of
11.8–60.1 MBq (lower than 2%).

3.2 Radiation Safety

Since ALARA (as low as reasonably achievable) principles are applicable for any pro-
cedure that involves the use of radioactive material, in order to properly evaluate risk
associated with the Ho-166 procedure, ionizing radiation dose rate was measured dur-
ing different procedure steps: during Ho-166 transportation package unpacking, activity
measurement and loading to the re-usable administration box (Fig. 1), during Ho-166
administration process near the patient, during the patient’s stay on the ward and dur-
ing the discharge process. The results of passive dosimetry measurements did not show
an excess of dose levels compared to the previous measurement period, thus, an elec-
tronic personal dosimeter was used for a detailed analysis of radiation exposure. Since
the interventional radiologist received the radiation exposure dose mostly from the scat-
tered X-ray radiation from patient [10, 11], a detailed assessment of exposure is required
to evaluate the exposure of the whole body and extremities.

Fig. 1. Re-usable shielded administration box for administration of Ho-166 microspheres (angio-
suite – with Customer Kit and Delivery Set).
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3.3 Dose Rate During Different Measurement Steps and Contamination Results

The dose rate during the unpacking of the treatment dose was up to 0.18 mSv/h (for
~10 GBq) at 1 m from the surface of the packaging.

The average dose received by the interventional radiologist for the whole body (the
electronic dosimeter was worn on waist level) was 50 ± 11 μSv per procedure. This
radiation exposure dose was obtained during an interventional radiology procedure with
Ho-166 using an angiography system. Immediately after the administration of the thera-
peutic dose, the occupational dose rate at one meter from the right side (liver side) of the
patient was up to 80 μSv/h, the dose rate results from the different positions are shown
in Table 1. The dose rate at a distance of 1 m from the patient before discharge (18 h
following therapeutic Holmium administration) was in the range 24 to 32 μSv/h.

The contamination measurement showed that after the scout and treatment proce-
dures, the surface in the operational theatre room was free from contamination.

Table. 1. Dose rate results from the different positions and places.

Source description and conditions Distance from the source (cm) Dose rate (μSv/h)

Ho-166 shielded package with
~150 MBq

10 15–20

Ho-166 shielded package with
~10 GBq

100 140–180

Exactly after ~9.5 GBq injection,
interventional radiologist position

5–10 180–210

After ~9.5 GBq injection, near the
patient

100 65–80

After ~9.5 GBq injection, near the
patient

200 18–30

After ~9.5 GBq injection, near the
patient

300 2–5

4 Conclusions

The prescribed activity for a treatment dose was evaluated using a dosimetry-based treat-
ment planning procedurewithHo-166 scout dose.No radioactive surfaces contamination
was found after the procedures.
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Abstract. Mental stress can lead to different health problems or may increase
the risk of accidents, especially in cases of high personal responsibility (pilots,
policemen, military specialists etc.). Therefore, there is a need for an objective
assessment of mental stress in everyday life to prevent serious mental disorders
and accidents. The aim of this study was to find out whether, with the help of
adding the secondary stress caused by the serial sevens test, the frontal EEG theta
band power can differentiate the change in primary stress causing fatigue. The
results demonstrate that in the case of increased stress, the added cognitive load
does not get as many resources as at baseline. The results suggest that frontal EEG
theta band power combined with the cognitive test could be a potential tool to
determine the prevalence of mental stress.

Keywords: Mental stress · electroencephalography · theta band power · serial
sevens test

1 Introduction

Stress is a serious public health concern that can force significant psychological or
biological change upon an organism. It results from physical or psychosocial disequilib-
rium where the body tries to preserve homeostasis or ensure survival [1]. Research has
indicated that stress has a direct effect on our health through autonomic and neuroen-
docrine responses. Besides that, the indirect influence is expressed through changes in
health behaviors [2]. Unlike physical strain which is often quantified, the definition of
psychological stress is a more difficult concept [1]. The assessment of mental stress is
often based on subjective self-report questionnaires [3] which raises the need for objec-
tive evaluation of mental stress in everyday life to prevent serious mental disorders and
accidents. Nowadays, most of the stressors we encounter are psychological rather than
physical [4].

Numerous research studies have focused on the noninvasive detection and classifica-
tion of stress levels through biological signals that are expected to express changes in the
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normal functioning of the body. Signals such as electroencephalogram (EEG), electro-
cardiogram (ECG), electromyogram (EMG), galvanic skin response (GSR), blood pres-
sure (BP), skin temperature (SKT), photoplethysmogram (PPG) and others can extract
specific information and be used as markers of stress [5]. Since brain is the key organ,
that activates many neuronal circuits when a situation is perceived as stressful [6], the
utilization of EEG can unravel details of acute stress responses [7]. Compared to other
neuroimaging techniques, EEG modality has several advantages such as low cost, high
temporal resolution and ease of use.

Different protocols are implemented to induce stress in laboratory settings, such
as the Stroop test (Stroop), cold pressor test (CPT), Trier Social Stress Test (TSST),
Serial Sevens Test (SST), and others. In order to obtain the EEG signal during the
subject exposure to the stress conditions, the selected protocol should be completed in
a steady position to avoid any unwanted electrical input induced by the body’s physical
movements. Arithmetical tests can be completed with minimized movements thus SST
is a suitable stressor to measure brain activity and monitor mental workload changes.
Mental load is the aspect of cognitive load originating from the interaction between task
and subject characteristics [8].

Numerical cognition is associated with a frontoparietal brain network and studies
have indicated that theta band power provides evidence for the specific neural activation
in this region [9]. Additionally, changes in frontal theta band power were associated
with the development of mental fatigue [9]. While the primary stress and related mental
fatigue is hidden in the normal variability of the brain activity, the cognitive task-related
secondary stress as a theta band power increase can be measured. This increase, whether
higher or lower, can indicate the level of mental fatigue.

In the present study we aim to investigate whether with the help of adding the
secondary stress caused by SST, the frontal EEG theta band power can differentiate
the baseline and follow-up condition, in which a subject is expected to have different
primary stress levels.

2 Methods

2.1 Subjects and Recording Protocol

The EEG data were obtained from a group of 42 subjects consisting of 21 females and
21 males with a mean age of 43 years, and a standard deviation (SD) of 13 years. The
subjects were recruited among the residents of one Estonian town, with a population of
53 424 inhabitants, who did not have any known diagnosis of cardiovascular disease,
mental disorder, head trauma, and prescribed medications. This study was approved by
the Research Ethics Committee of the National Institute for Health Development with
the decision no. 1064 (study no. 2351) and research was conducted in accordance with
the Declaration of Helsinki. All subjects signed written informed consent.

Initially, the test subject was introduced to the study procedure, answered questions
about demographic and anthropometric parameters, and underwent weight and blood
pressure measurements. Electrocardiography (ECG), photoplethysmography (PPG),
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electroencephalography (EEG), galvanic skin response (GSR), finger and cheek tem-
perature signals were simultaneously recorded during the experiment. Only the EEG
signal analysis is reported in the current publication.

Thereafter, the subject was comfortably sitting on a chair facing the white wall at
a 2 m distance. Next, the baseline signals were recorded in a sitting position at rest,
starting from the 3 min of eyes closed recording, followed by 4 min of eyes open (EO)
recording, and concluded by the 2 min of cognitive task where the test subject performed
arithmetic serial sevens task. Next, the subject spent about two hours in different outdoor
urban environmentswhile periodically completing the arithmetic task.Upon the subject’s
return to the room, the same recording protocol was applied resulting in the follow-up
EEG signals recorded at higher fatigue condition.

2.2 Data Acquisition

The EEG signals were recorded using Enobio 8 (Neuroelectrics Barcelona SLU) device
using adhesive electrodes. The electrodes were placed on the forehead (Fp1 and Fp2)
according to the international 10/20 system, while two electrodes for reference and
ground were placed behind the right ear. Raw EEG signals were recorded at a sampling
frequency of 500 Hz.

The recorded EEG signals were digitally filtered at the cut-off frequencies of 3 Hz
and 47 Hz. The signals were visually inspected and signal segments with artefacts were
removed. Therefore, further analysis was performed on 110 s EO resting and SST EEG
signal segments from 39 subjects, where EO resting and SST segments were obtained as
the last 110 s of the corresponding segment. MATLAB (The MathWorks, Inc.) software
was used for EEG signal processing.

2.3 EEG Analysis

First, each 110 s EEG signal segment was cut into 10 s epochs. Power spectral density
(PSD) was estimated by means of the Welch averaged periodogram method. Epochs
were divided into overlapping sections (50%), with a length of 1024 points. Thereafter,
theta band power was calculated at 4–7 Hz for each epoch. After that, epoch-based
median theta power was obtained for resting and SST segments. The normalized theta
power difference of rest and SST conditions was calculated as:

TPdiff = θ_PSST−θ_PRest

θ_PSST+θ_PRest
(1)

The normalized theta power difference represents the difference between the theta
band power in the EO cognitive arithmetic task condition (θ_PSST ) and the theta band
power in the EO resting condition (θ_PRest), where the normalization is performed
relative to their sum.

The paired sampleWilcoxon signed rank test was applied for the statistical compari-
son of the normalized theta power difference between baseline and follow-up recordings.
The confidence level of 0.05 was considered statistically significant to the Wilcoxon p
values.
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3 Results and Discussion

Figure 1 presents the theta power values for eyes open resting and SST condition. There
is a statistically significant increase in theta power in SST condition (p = 0.0011). The
results are in agreement with the review performed by Chikhi et al. [10] concluding that
increased cognitive load is often indicated in increased frontal theta band power.

Fig. 1. A statistically significant difference in theta power for eyes open resting and Serial Sevens
Test (p= 0.0011). Indicated aremedian (horizontal line), 25th and 75th percentiles (box),minimum
and maximum values (whiskers) and outliers (+).

Due to the high theta power variability in the group (interindividual differences), the
normalized theta power difference between rest and SST was compared to analyze the
changes for baseline and follow-up recordings at the group level.

Figure 2 presents the normalized theta power differences for baseline and follow-up
recordings. The positive median values for baseline and follow-up conditions indicate
the increased theta power in STT in both conditions. Still, the difference is statistically
significantly higher for baseline recordings compared to follow-up recordings indicating
higher brain activity on calculations during baseline, while at follow-up the cognitive
workload on calculations is lower. As the location where the test was performed was the
same for both conditions, the difference cannot be explained by the recording environ-
ment. It is presumed that during follow-up the subjects had higher fatigue levels, so the
amount of available cognitive resources for STT was lower [11].

As the EEG reflects the brain state which in turn is sensitive to recording conditions,
it is suggested to perform the EEG studies always at the same time of day, while the
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Fig. 2. Statistically significant increase in normalized theta power difference for baseline condi-
tion compared to follow up (p = 0.0076). Indicated are median (horizontal line), 25th and 75th

percentiles (box), minimum and maximum values (whiskers) and an outlier (+).

morning is preferred as the brain is not yet loaded with different everyday assignments.
On the other hand, the sensitivity to recording conditions could also be put to work as an
advantage – the theta band power together with a cognitive test could be used to evaluate
the stress caused by specific environments etc.

The current study has some limitations to consider. As the group’s overall variability
of the normalized theta power difference was high, considering the age could decrease
the overall variability. It is presumed that SST has age limitations and there is an age
group for whom this method works better than others. The present study did not consider
males and females separately, while it has been found that the EEG power at different
conditions varies for males and females [12].

4 Conclusion

The results of the performed study confirmed that frontal EEG theta band power increases
statistically significantly due to cognitive load. Employing the SST allowed to differen-
tiate the condition in which the brain was lacking the resources due to increased fatigue.
The study suggests that theta band power combined with a cognitive test could be a
potential tool to determine the prevalence of mental stress.

Acknowledgements. This work was supported partly by the Estonian Ministry of Research and
Education and European Regional Development Fund (grant 2014-2020.4.01.20-0289).
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Abstract. The early diagnosis of Non-Alcoholic Fatty Liver Disease (NAFLD)
is crucial to prevent fibrosis progression or the onset of advanced chronic liver
disease. Among the non-invasive methods, ultrasound (US) B-mode imaging is
recommended for population screening and follow-up. Hamaguchi’s score was
proposed to improve the evaluation of the fatty liver from US images.

In our study, we aimed to assess objectively the Hamaguchi score through an
advanced semi-automatic analysis of US images.

The study encompassed a dataset of 325 bariatric patients with NAFLD diag-
nosed by liver biopsy who underwent ultrasound assessment at the Liver Clinic
at Trieste University Hospital. The classification models for the estimation of the
three Hamaguchi sub-scores were produced by semiautomatic US image analy-
sis based on clustering and Convolutional Neural Network (CNN) with transfer
learning techniques. The results showed that the produced models were able to
estimate the three sub-scores with high classification accuracy.

The predictive models produced for the estimation of liver brightness hep-
atorenal echo contrast, the diaphragm deep attenuation, and the vessel blurring
sub-scores presented a classification accuracy of 92.6%, 84.8%, and 90.9%,
respectively.

In conclusion, in this preliminary study, the results assessed the possibility to
produce the NAFLD computer-aided diagnostic models based on analysis of US
images.

Keywords: Non-Alcoholic Fatty Liver Disease · Hamaguchi’s score · Artificial
Intelligence · Ultrasound images

1 Introduction

Non-Alcoholic Fatty Liver Disease (NAFLD) represents a spectrum of diseases that
ranges from simple steatosis (i.e., Non-Alcoholic Fatty Liver) to Non-Alcoholic Steato-
hepatitis (NASH). NAFLD is a common liver disease and is the major cause of liver
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failure worldwide. NAFLD can progress to cirrhosis, liver failure, or hepatocellular
carcinoma. It is estimated that around one-third of the adult population in developed
countries is affected by this disease [1, 2].

NAFLD is caused by excessive fat deposition in the liver and is almost asymp-
tomatic. Thus, early evaluation and monitoring of liver functions are important to pre-
vent advanced fibrosis or hepatocellular carcinoma [3]. The gold standard for direct liver
steatosis and inflammation quantification is liver biopsy.However, performing liver biop-
sies is invasive and expensive, making it unsuitable for broad screening at the population
level [4].

Among the non-invasive liver imaging methods, Ultrasound-Based (US-B) tech-
niques are the most suitable for the quantification of liver steatosis in individuals of
all ages [3]. Indeed, the clinical practice guidelines have recommended US-B modal-
ities as the preferred first-line diagnostic procedure for imaging in adults [5]. In daily
practice, physicians use specific features of a US image to evaluate hepatic steatosis.
These features include analyzing the echogenicity of the liver, examining the visibility of
intrahepatic vessels, and assessing the degree of diaphragm blurring as reported byHam-
aguchi et al. [6]. However, different studies report that this diagnostic method is limited
by its low intra- and inter-observer reproducibility. In particular, Strauss et al. showed
in a study composed of 168 US examinations an intra- and inter-observer agreement
of 54.7%–67.9% and 47.0%–63.7%, respectively [7, 8]. Furthermore, the diagnostic
accuracy of conventional B-mode ultrasonography is lower in bariatric patients [9]. To
improve objectivity, Hamaguchi et al. introduced a semi-quantitative scoring method
based on US imaging [10].

Hamaguchi’s scoring system involves comparing the echogenicity of the liver to the
echogenicity of the kidney, evaluating liver brightness (scored from 0 to 3), assessing
the degree of diaphragmatic contour attenuation by the liver (scored from 0 to 2), and
analyzing liver vessel blurring (scored from 0 to 1). The total of these sub-scores yields
Hamaguchi’s score, which ranges from 0 (representing a healthy liver) to 6 (indicating a
fatty liver).However, despite improving the standardization of hepatic lipid accumulation
in the liver, Hamaguchi’s score is still a subjective measure that strongly relies on the
physician’s expertise evaluating the US image.

In the last decade, Artificial Intelligence (AI) has been used in various medical fields
to detect and forecast patterns or correlations within large datasets. These AI-based
methods have been demonstrated to be helpful in the diagnostic process. A recent meta-
analysis focused on usingAI-basedmethods for liver diagnosis revealed high accuracy in
diagnosing and stagingNAFLDbased on diagnostic imaging [11]. AlthoughAI has been
extensively studied in the diagnostic field of NAFLD, there has been no prior application
of AI-based methods in the analysis for the estimation of Hamaguchi’s score (from 0 to
6) in bariatric patients. Thus, this study aims to create algorithms, using clustering and
Convolutional Neural Networks (CNN) with transfer learning techniques, to estimate
different sub-items that compose Hamaguchi’s score by analysis of bariatric patients’
US images.
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2 Materials and Methods

2.1 Data Acquisition and Dataset Definition

The clinical and radiological data of 325 bariatric patients (mean age 50.6± 14.1 years,
mean Body Mass Index (BMI) 39.5 ± 8.6 kg/m2, 34.5% males and 65.5% females)
who underwent US assessment at the Liver Clinic at Trieste University Hospital were
analyzed. The inclusion criteria were liver biopsy-based NAFLD diagnosis, and US
assessment characterized by the visibility of liver and renal parenchyma, visibility of
intrahepatic vessels, and visibility of the diaphragm.

To calculate the sub-scores composing Hamaguchi’s score, three parameters need to
be evaluated in the US image. Therefore, three separate sub-score specific datasets were
created: the Hepatorenal dataset, the Diaphragm dataset, and the Vessel dataset.

However, it may not always be possible to assess all three parameters on a single US
scan due to variations in the physical conformation of bariatric patients. Some patients
may have all three parameters visible in a single US image, while others may have the
liver and the kidney in one image and the diaphragm and intrahepatic vessels in another.
Additionally, some patients may have all three parameters visible in three separate US
images. Therefore, for each patient, from one to three images were included and labeled
to create three aforementioned datasets.

Each of the three datasets underwent a thorough evaluation and labeling process,
where four physicians independently assigned the sub-scores constituting Hamaguchi’s
score. In cases where the ratings were inconsistent, the scores were reviewed and deter-
mined through consensus. After labeling the images, pre-processing techniques were
employed to locate and center the US cone containing the relevant information.

2.2 Framework Proposed for Semi-automatic Evaluation of Hamaguchi’s Score

The proposed approach for automatic estimation of Hamaguchi’s score is based on sep-
arate estimation of sub-scores by semiautomatic analysis of US images. Since each sub-
score assessment relies on identifying different features, three sub-score-related algo-
rithms were developed. A semi-automatic evaluation based on clustering was adopted to
assess the liver brightness hepatorenal echo contrast score (sub-score 1). However, for
evaluating the diaphragm deep attenuation score (sub-score 2) and the vessel blurring
score (sub-score 3), a semi-automatic methodology was implemented using two CNNs
with transfer learning techniques. Due to the variability of the US images and moderate
sample size, additional pre-processing was necessary to produce effective classification
algorithms. This involved manually delineating the regions of interest (ROIs) to define
the Diaphragm and Vessel datasets.

Estimation of Liver Brightness Hepatorenal Echo Contrast Sub-score. An exces-
sive fat component in the liver causes it to appear brighter compared to the kidney
(typically isoechogenic [5]). With the support of physicians, two regions of interest
(ROIs) were manually identified: one in the lighter region of the liver parenchyma and
the other in the darker area of the cortical region of the kidney. A Python script was used
to select two ROIs (each of size 5x5 pixels) and process them to extract the features of
interest. This allowed to obtain features related to the echogenicity of the liver for each
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Fig. 1. The proposed framework

US image sample. All previously saved features are later analyzed with K-means by
setting the number of classes to four (liver brightness hepatorenal echo contrast score
could be 0, 1, 2, or 3). Based on this clustering, a classification model was constructed to
assign a score ranging from 0 to 3 to the feature extracted from a US image of the liver.
Subsequently, it was assessed whether the four clusters correctly predicted the sub-score
by comparing the prediction with the physicians’ assessment.

Estimation of Diaphragm Deep Attenuation Sub-score and Liver Vessel Blurring
Sub-score. The diaphragm deep attenuation sub-score is evaluated according to how
well the diaphragm is visible: the greater the presence of fat in the liver, the greater
the absorption of ultrasound signal and thus the lower the visibility of the diaphragm.
Similarly, the liver vessel blurring sub-score is also affected by the presence of fat [5].
To evaluate these sub-scores, CNNs and transfer learning techniques were used.

Before implementing and training the CNNs, each image dataset was divided into
three sub-sets: training set, validation set, and test set. The ratio of partitioning was 75%,
15%, and 10%, respectively. The test set was solely used after the model had undergone
full training. To give correct assessments, the test setmust bewellmaintained and contain
a variety of images covering the various classes of each sub-score.

To achieve high classification accuracy in the CNNs, despite using the transfer learn-
ing technique, a substantial number of images are still necessary in the training set,
and it is crucial to balance the sample case histories. Therefore, data augmentation was
employed. This technique involves applying transformations to the US images to expand
the size of the datasets and balance them, thus preventing overfitting. The original US
imageswere subjected to rotational, shear distortion, zoom, andhorizontal flip operations
randomly to create new US images with different variations.

To select the most appropriate and effective network, for both the sub-scores, ten
CNNs were implemented using variations on the base model imported or the number of
neurons used in the top layers (Table 1). The networks’ development was implemented
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with Python scripts by importing the TensorFlow and Keras libraries. In particular, the
pre-trained networks VGG-16 and VGG-19 from Keras are imported as the base model.
A block of convolutional layers with trainable parameters is added to the output of the
VGG-Net to extract additional features. These are followed by aflatten layer that converts
the previous layer’s output into a one-dimensional array, which is passed to the top layer.
The top layer architecture differs between the CNNmodels developed depending on the
number of convolutional layers and nodes per layer. However, all top layers use the
same activation function, the Rectified Linear Unit (ReLU). Dropout layers are placed
between dense layers of all models to prevent overfitting. The models’ output layer
differs between the two sub-scores: the diaphragm deep attenuation sub-score could be
0, 1, or 2, so it should be able to predict three classes. Instead, the vessel blurring score
should only involve two classes.

The diaphragm deep attenuation score is a multi-class problem, so the CNN output
is an array of probabilities associated with each score value. The output is determined
by the index in the array with the highest probability. The activation function is a Soft-
Max, and the loss function is categorical cross-entropy. Since the vessel blurring score
is a binary problem, the CNN output layer needs only one neuron that reports the pre-
dicted parameter value and the probability of the prediction. The activation function is
a sigmoid, and the loss function calculation is binary cross entropy.

The performances of models were evaluated by classification accuracy, loss, Area
Under the ROC Curve (AUC), and precision. Subsequently, the model with the best
performances on the validation set was assessed on the test set.

Table 1. Architectures of the ten CNNs implemented to estimate the diaphragm deep attenuation
sub-score and liver vessel blurring sub-score

# Base model Additional convolutional block Classification block

1 VGG-16 - Flatten layer
Dense layer (512 nodes)
Dense layer (256 nodes)
Output layer

2 VGG-16 Conv2D layer (512 nodes)
Conv2D layer (512 nodes)
MaxPooling2D layer

Flatten layer
Dense layer (512 nodes)
Dense layer (256 nodes)
Output layer

3 VGG-16 Conv2D layer (512 nodes)
Conv2D layer (256 nodes)
MaxPooling2D layer

Flatten layer
Dense layer (4096 nodes)
Dense layer (512 nodes)
Output layer

(continued)
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Table 1. (continued)

# Base model Additional convolutional block Classification block

4 VGG-16 Conv2D layer (512 nodes)
Conv2D layer (256 nodes)
MaxPooling2D layer

Flatten layer
Dense layer (4096 nodes)
Dense layer (4096 nodes)
Output layer

5 VGG-16 Conv2D layer (512 nodes)
Conv2D layer (256 nodes)
MaxPooling2D layer

Flatten layer
Dense layer (512 nodes)
Dense layer (256 nodes)
Dense layer (128 nodes)
Output layer

6 VGG-16 Conv2D layer (512 nodes)
Conv2D layer (256 nodes)
Conv2D layer (128 nodes)
MaxPooling2D layer

Flatten layer
Dense layer (1024 nodes)
Dense layer (512 nodes)
Dense layer (256 nodes)
Output layer

7 VGG-16 Conv2D layer (512 nodes)
Conv2D layer (256 nodes)
Conv2D layer (128 nodes)
MaxPooling2D layer

Flatten layer
Dense layer (1024 nodes)
Dense layer (512 nodes)
Output layer

8 VGG-19 - Flatten layer
Dense layer (512 nodes)
Dense layer (256 nodes)
Output layer

9 VGG-19 Conv2D layer (512 nodes)
Conv2D layer (256 nodes)
MaxPooling2D layer

Flatten layer
Dense layer (512 nodes)
Dense layer (256 nodes)
Output layer

10 VGG-19 Conv2D layer (512 nodes)
Conv2D layer (256 nodes)
Conv2D layer (128 nodes)
MaxPooling2D layer

Flatten layer
Dense layer (1024 nodes)
Dense layer (512 nodes)
Dense layer (256 nodes)
Output layer

3 Results

Themodel developed, by using the clustering approach, for the estimation of liver bright-
ness hepatorenal echo contrast score showed a high classification accuracy of 92.6%. In
addition, the maximum error for this sub-score was one point in the misclassified cases.

For the models designed to estimate the diaphragm deep attenuation and vessel
blurring sub-scores, architecture #10 and architecture #2 from Table 1 demonstrated the
best classification performance on the validation dataset, respectively.

The classification accuracy, loss, AUC, and precision values obtained for these
models are presented in Table 2.
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Table 2. The performance parameters of the models which showed the best classification
performance for diaphragm deep attenuation and vessel blurring sub-scores.

Accuracy Loss AUC Precision

Diaphragm deep attenuation 80.69% 0.49 0.93 81.0%

Vessel blurring 82.90% 0.47 0.87 82.0%

The identified models were subsequently evaluated on the test dataset. The confu-
sion matrixes for diaphragm deep attenuation and vessel blurring sub-score models are
reported in Table 3-A and 3-B, respectively.

Table 3. Comparison of the predicted sub-score and the sub-score assigned by the physicians
(true label) on the test set represented by a normalized confusion matrix

A. Diaphragm deep attenuation sub-score
True label SCORE 0 0.73 0.27 0

SCORE 1 0 1.00 0
SCORE 2 0 0.18 0.82

SCORE 0 SCORE 1 SCORE 2
Predicted label

B. Vessel blurring sub-score
True label SCORE 0 0.82 0.18

SCORE 1 0.09 0.91
SCORE 0 SCORE 1

Predicted label

The algorithm for the estimation of diaphragm deep attenuation showed an accuracy
of 84.8% on the test set. The misclassified scores were under- or over-estimated by
no more than one point. Regarding the vessel blurring sub-score model, the identified
model presented a classification accuracy of 90.9% on the test dataset. In both cases,
the models confirmed the performance obtained during the validation process showing
a good generalization performance.

4 Discussion

In our study conducted on bariatric patients, we aim to assess the feasibility of estimating
Hamaguchi’s score on US images using advanced image analysis techniques based on
AI methods. The results obtained in this study demonstrated that AI-based methods can
accurately estimate the three sub-scores required to determine Hamaguchi’s score. The
models developed showed high classification accuracy for all three sub-scores (92.6% on
the liver brightness hepatorenal echo contrast sub-score, 84.8% on the diaphragm deep
attenuation sub-score and 90.9% on the liver vessel blurring sub-score), indicating their
clinical relevance. The findings suggest that decision support systems based on these
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models could potentially aid in diagnosing liver disease, reducing errors associated with
intra- and inter-operator assessments.

There is growing interest in AI-based methods for the diagnosis of liver disease.
Recently, different studies reported promising results by models proposed for diagno-
sis and staging assessment of NAFLD based on diagnostic imaging [11]. In a recent
study of 240 non-bariatric participants, a model based on deep learning techniques was
developed to classify NAFLD from US images [12]. The aforementioned study showed
high performance on the interpretation of the presence of NAFLD (AUC = 0.933), but
it presents a poor diagnostic ability in distinguishing intermediate classes (AUC< 0.70)
[12] and it classifies the patients as: “normal”, “mild”, “moderate” and “severe”.

However, to the best of our knowledge, no prior studies have aimed at estimating
the Hamaguchi score in bariatric patients based on machine learning semi-automatic
US image analysis. The main limitation of the proposed approach is that the operator
selects the ROI on which to perform the automatic assessment of each sub-score. An
automatic tool for selecting regions of interest (ROIs) could be developed to further
improve the proposed approach. The findings of this pilot study need to be validated and
possibly enhanced by using a larger dataset that is more balanced in terms of clinical
characteristics. Also, it can be applied to evaluate US images of bariatric patients and
general NAFLD patients’ US images.

In conclusion, this study evaluated the feasibility of developing computer-aided
diagnostic models for NAFLD based on the analysis of US images.
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Abstract. Ocular Following Responses (OFRs) are reflexive eye movements that
help process visual motion and stabilize gaze. They are sensitive to various stimu-
lus properties and can potentially be used for visual processing in humans, as well
as a diagnostic tool for identifying stereodeficencies. However, recording OFRs
can be challenging as they are typically quantified over a short time window, and
measuring them noninvasively using infrared eye-tracking systems can be limited
by their precision and spatial resolution. Recently, a new technique called high-
resolution video-oculography (HR-VOG) has emerged, which claims to provide
more accurate measurements of OFRs. In this study, we aimed to compare the
measurement of OFRs using HR-VOG and infrared eye-tracking techniques. Our
findings suggest that HR-VOG may provide more accurate and reliable measure-
ments of OFRs than standard infrared eye-tracking. While both techniques were
able to register eye-displacements induced by vertically drifting images during
the open-loop period, only HR-VOG was able to detect significant differences
between experimental conditions, indicating its potential for more precise mea-
surements. The limitations of infrared eye-tracking, such as the need for precise
positioning and calibration, make it unsuitable for clinical applications, especially
in children.

This study highlights the potential benefits of HR-VOG as amore reliable tool
for studying OFRs in both research and clinical settings. However, future studies
with larger sample sizes and a broader range of stimuli should be conducted to
further investigate the potential benefits and limitations of HR-VOG and infrared
eye-tracking techniques.
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1 Introduction

Ocular Following Responses (OFRs), reflexive eye movements triggered by the motion
of textured patterns in the visual field, have been studied extensively in both humans and
non-human primates due to their important role in visual motion processing and gaze
stabilization [1–4]. These eye movements, which occur at ultra-short latencies of around
70 ms in humans, are the initial component of the optokinetic nystagmus response that
supports the translational vestibulo-ocular reflex system in the stabilization of gaze [5].
Recent studies have shown that OFRs can also be induced, albeit at longer latencies, by
relatively small stimuli [6, 7], suggesting that theymay also contribute to the initial phase
of smooth pursuit eye movements. The strong dependency of OFRs on various stimulus
properties, such as size, contrast, and spatial and temporal frequency content, has made
them a powerful tool for investigating the visual motion processing in humans. Recently,
it has been inferred that, since OFRs are sensitive to interocular correlations [8], they
must be mediated by disparity-tuned cortical neurons, and in principle can thus be used
as a diagnostic tool for identifying stereodeficiencies [9, 10]. Several clinical tests are
currently available to assess binocular depth perception and visual processing, but most
of them require patient cooperation, and so are poorly suited for infants and young
children [11]. An objective test that can study visual processing without dependence on
patient cooperation would be highly beneficial to develop.

However, one of the problems in recording Ocular Following Responses (OFRs) is
that they are typically quantified over a very short time window, the so-called open-loop
period. The typical ocular following latency in humans corresponds to 70–80 ms, while
the 160 ms marks the end of the open-loop period of the movement [7, 8, 12, 13]. During
this period, the eyemovements are largely driven by visual motion and not yet influenced
by feedback from the pursuit system.

The magnitude of OFRs during this period is small, making them difficult to record
accurately. Until recently, the only way to measure them in humans was through the
use of invasive scleral coils. This technique is not suitable for clinical applications as it
requires sedation or anesthesia, and it is uncomfortable and inconvenient for the subject.

Measuring OFRs noninvasively using most common infrared eye-tracking has been
shown to be difficult due to the limitations of the system [14, 15]. Additionally, some
studies have reported that infrared limbal eye-tracking may suffer from drift and have
limited spatial resolution, which may result in inaccuracies when measuring eye move-
ments [14, 15]. These limitations have led to the development of new techniques that
claim to provide more accurate and precise measurements of eye movements. One such
technique is high-resolution video-oculography (HR-VOG),which has emerged in recent
years. HR-VOG claims to provide more accurate measurements of OFRs. To the best
of our knowledge, no studies offer a comparison between HR-VOG and the standard
infrared eye-tracking technique in the measurement of OFRs in humans. Therefore,
the current study aims to compare these two approaches and investigate whether the
HR-VOG provides more accurate measurements of OFRs.
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2 Methods

2.1 Study Population

This study enrolled five adult subjects (4 males and 1 female) with an average age of
26 ± 3.1 years. All subjects had normal or corrected-to-normal vision and stereopsis
measured by the digital stereoacuity test (<100 arc sec) [16]. The study adhered to
the tenants of declaration of Helsinki. All participants providedwritten informed consent
before participating in any of the experiment.

2.2 Behavioral Paradigm

In the experimental setup, the participants were seated in a dimly lit room and their
heads were stabilized using padded chin and helmet. They were positioned facing a
monitor (ASUS VG248QE) that was placed at a distance of 50 cm from the corneal
vertex. The monitor had a resolution of 1920× 1080 pixels and a vertical refresh rate of
144 Hz. The height of the chair was adjusted to align the subject’s eyes with the center
of the screen. Two lenses, one low pass (blue) and one high-pass (red), with cut-off
wavelength of 550 nm, are positioned in front of the participants’ eyes. At the start of
each trial, the screen was filled with a mid-luminance (7.0 cd/m2) blank background
using only red and blue color channels (Fig. 1b). Stimuli were presented within a square
aperture (28° side) centered on the screen and had a mean luminance of 7.0 cd/m2.
Each stimulus was generated by randomly assigning a high or low luminance value
(symmetric around the mean luminance) to consecutive pairs of pixel rows (0.06°), and
the resulting stimulus was then filtered with low-pass spatial filter. The gain of the filter
was zero above 0.75 cycles per degree (cpd) and one below 0.375 cpd, with the transition
following a raised-cosine function. The root mean square contrast of the stimulus was
set to 30%, which kept the Michelson contrast below 100% to pre-vent saturations. The
study utilized a motion of the 1D pattern, where the images were shifted either upwards
or downwards at a drift speed of approximately 50°/s. Two conditions were considered:
correlated and anti-correlated. In the correlated condition, bothmonocular images drifted
in the same direction with zero disparity and interocular correlation of 1.0 (Fig. 1a, upper
image). In the anti-correlated condition, one monocular image was obtained by contrast-
reversing the other, resulting in binocular anti-correlated stimuluswith zero disparity and
interocular correlation of –1.0 (Fig. 1a, lower image). The comparison between responses
to correlated (corr) and anticorrelated (anti-corr) stimuli is particularly interesting as
they have identical spatial and temporal frequency content and contrast but differ only
in interocular correlation.

The high-resolution video-oculography (HR-VOG) system recorded the movements
of the right eye, whereas the movements of the left eye were recorded using the infrared
eye-tracker. During the experiment, a total of 120 trials, consisting of 30 blocks of stimuli
for each condition, were presented to the subject.
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Fig. 1. a) Presented correlated (upper) and anticorrelated stimuli (lower) and how their appear to
the participant after filter lenses; b) stimuli fast drifting stimuli (50°/s) upward or downward for a
duration of 200 ms.

2.3 High-Resolution Videooculography (HR-VOG)

TheHR-VOG system includes a high-resolution camera (FLIRGrasshop-per 3GS3-U3-
51S5M-C) with a resolution of 2448× 2048 pixels, fitted with a C-Mount 50v mm f/2.8
lens, which records in the near-infrared spectral range. For comparison the average pupil
size recorded with the camera is from 60 to 120 pixels. To block the visible spectrum
and capture images only in the near-infrared range, a Hoya R72 IR filter with a cut-
off wavelength of 720 nm was placed in front of the lens. To ensure adequate lighting
conditions,we utilized three custom-built infrared (IR)LED illuminators (one positioned
on each side of the subject, and one placed in front and below the subject) as shown in
Fig. 2. For each trial, we acquired three frames: t0 = 0 ms (fixation cross offset/motion
onset), t1= 80 ms, which corresponds to the typical ocular following latency in humans
to stimuli of similar size and contrast used in previous studies [6, 7], and t2 = 160 ms,
which marks the end of the open-loop period of the movement. The exact timing was
achieved through the utilization of a specially designed hardware trigger box, which
detects the initial frame of the stimulus and generates trigger impulses for t0, t1, and t2.

Fig. 2. Recording apparatus
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2.4 Infrared (IR) Eye-Tracking

OFRs were recorded on left eye using an IRIS model 6500 (Skalar Medical, Delft,
Netherlands) device based on the infrared limbal reflection method (declared resolution
of 0.03°). The emitter-detector pair is mounted at a distance of 1.5–2.5 cm from the
eye. An iterative process of sensor positioning, and calibration is used, which involves
a calibration pattern on the screen to ensure that the emitter-detector pair is accurately
positioned. The signal is acquired along with the signal from the hardware trigger box,
sampled at 500 Hz, and saved for further analysis.

Fig. 3. Image sample taken by high-resolution infrared videocamera

2.5 Data Processing and Statistical Analysis

After obtaining a reference frame from HR-VOG at time t0, our algorithm extracted
the displacement of the head marker and pupil center at frames t1 and t2 with sub-pixel
resolution, using the reference frame as a guide. The eye displacement during the fixation
epoch (frames t1 vs t0) and movement epoch (frames t2 vs t1) was calculated.

The signal obtained from the infrared tracker was epoched from –25ms to 180ms. To
avoid characteristics drift, the –25ms to 0 were taken as baseline and subtracted from the
epoch. For comparison with the HR-VOG, the data were sampled at the correspondence
of t0, t1, and t2. A procedure for both approaches was applied to automatically exclude
trials from the analysis in which fixation was poor (for example, because of the presence
of saccades, microsaccades, or large head movements). The algorithm determined that
neither the head nor the eyes were moving during the fixation period, while only the
eyes were moving during the movement period. Accordingly, the displacement of the
head (in space) and the eye (in space and relative to the head) during the fixation period,
and the displacement of the head (in space) during the movement period were assessed.

Any trials in which any of these measures were identified as outliers were excluded.
After that, the values of each measure were sorted in ascending order across all trials,
and identified outliers as those with a value larger than three times the 68th percentile
value. On average, this procedure resulted in excluding 15% of the trials (ranging from
5% to 25%). For each system, we then computed the difference (mean and SD) of the
vertical displacements induced by upward and downward correlated and anticorrelated
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motion. The vertical eye displacements induced by correlated and anticorrelated upward
and downward moving stimuli were compared for each subject using a paired t-test with
a 0.05 significance level. The relative differences between eye-displacement induced by
correlated stimuli (UP corr - DW corr) and anticorrelated (UP anti corr - DW anti-corr)
were compared using a bootstrapping method. Levene’s test is used to test if two system
have have equal variances for each condition. All statistical analyses were performed in
Python using the statsmodels and scipy packages.

3 Results

Table 1. And Table 2. Show the responses to vertically drifting images measured by HR-
VOGand Infrared eye-tracker respectively. The results showed that therewere significant
differences in the eye displacements induced by upward and downward moving stimuli
during the open-loop period (t2-t1) for both correlated and anticorrelated experimental
conditions recorded with both HR-VOG system and infrared eye-tracking system.

Table 1. Responses to vertically drifting images measured by HR-VOG (�y: Vertical eye dis-
placement in 80–160 ms time window (deg); Sub: subject; N: number of correct trials; p: unpaired
t-test, �CR, �ACR: difference between UP and DW eye-displacement induced by correlated and
anticorrelated pattern motion respectively)

Correlated pattern induced motion Anticorrelated pattern induced motion Correlated vs Anticorrelated

Sub �y± SD (N) UP �y± SD (N) DW p �y± SD (N) UP �y± SD (N) DW p �CR± SD �ACR± SD p

1 0.211± 0.096 (19) -0.006± 0.109 (23) < 0.001 0.162± 0.126 (25) 0.069± 0.146 (23) 0.025 0.217± 0.145 0.093± 0.193 0.008

2 0.211± 0.101 (17) 0.002± 0.117 (18) < 0.001 0.166± 0.129 (22) 0.072± 0.119 (16) 0.033 0.209± 0.154 0.094± 0.176 0.032

3 0.236± 0.123 (24) -0.125± 0.084 (24) < 0.001 0.158± 0.086 (25) -0.100± 0.072 (25) < 0.001 0.361± 0.149 0.258± 0.112 0.014

4 0.181± 0.095 (23) -0.084± 0.080 (20) < 0.001 0.136± 0.108 (23) -0.054± 0.071 (21) < 0.001 0.265± 0.124 0.19± 0.129 0.028

5 0.158± 0.062 (8) -0.095± 0.097 (10) < 0.001 0.060± 0.099 (7) -0.060± 0.108 (15) 0.028 0.253± 0.115 0.12± 0.146 0.032

Avg 0.199± 0.095 (18) -0.062± 0.097 (19) 0.136± 0.110 (20) -0.015± 0.103 (20) 0.261± 0.137 0.151± 0.151

When comparing the eye displacement induced by the two conditions (correlated
�CR and anticorrelated �ACR), significant differences were observed only in data
recorded by HR-VOG. The bar plot in Fig. 4 with standard error mean (SEM) whiskers
shows the results of comparing the eye displacement induced by the two conditions
(correlated and anticorrelated).

Table 3 shows the results of the Levene’s test, which aimed to compare the variances
in the eye-displacement (UP, DW) and stimulus condition (correlated, anticorrelated)
data recorded by two different eye-tracking systems: HR-VOG and infrared (IR) eye-
tracker.Ap-value of less than 0.05 indicates that the two systemshave different variances.

Figure 5 offers the representation of the eye-displacements and velocity traces
recorded by infrared eye-tracking induced by correlated and anticorrelated motion pat-
terns for the subject 3.We can observe that the standard deviation of the traces of upward
and downward motions induced by correlated and anticorrelated overlapped.
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Table 2. Responses to vertically drifting images measured by Infrared limbal eye-tracker (�y:
Vertical eye displacement in 80-160ms time window (deg); Sub: subject; N: number of correct
trials; p: unpaired t-test,�CR,�ACR: difference between UP and DW eye-displacement induced
by correlated and anticorrelated pattern motion respectively)

Correlated pattern induced motion Anticorrelated pattern induced motion Correlated vs Anticorrelated

Sub �y ± SD (N) UP �y ± SD (N)
DW

p �y ± SD (N)
UP

�y ± SD (N)
DW

p �CR ± SD �ACR ± SD p

1 0.134 ± 0.116 (29) – 0.026 ± 0.096
(22)

<0.001 0.112 ± 0.111
(28)

0.023 ± 0.071
(20)

0.003 0.160 ± 0.150 0.089 ± 0.132 0.104

2 0.097 ± 0.04 (26) – 0.097 ± 0.06
(28)

<0.001 0.099 ± 0.192
(28)

– 0.055 ± 0.054
(23)

0.001 0.194 ± 0.072 0.154 ± 0.200 0.324

3 0.129 ± 0.208 (22) – 0.16 ± 0.18
(23)

<0.001 0.112 ± 0.215
(29)

– 0.127 ± 0.207
(22)

<0.001 0.289 ± 0.275 0.239 ± 0.299 0.548

4 0.078 ± 0.074 (26) – 0.056 ± 0.1
(28)

<0.001 0.048 ± 0.091
(29)

– 0.057 ± 0.091
(29)

<0.001 0.134 ± 0.124 0.105 ± 0.128 0.434

5 0.058 ± 0.111 (25) – 0.111 ± 0.135
(28)

<0.001 0.092 ± 0.124
(28)

– 0.023 ± 0.154
(27)

0.004 0.169 ± 0.175 0.115 ± 0.198 0.284

Avg 0.099 ± 0.11 (26) – 0.09 ± 0.114
(26)

0.093 ± 0.147
(28)

– 0.048 ± 0.116
(24)

0.189 ± 0.159 0.141 ± 0.191

Fig. 4. Bar plots with standard error of the mean whiskers eye-movements of two conditions
recorded by HR-VOG and infrared eye-tracker.

Table 3. The outcomes of the Levene’s test that examines whether the variances in each eye-
displacement direcotion (UP, DW) and stimulus condition (correlated, anticorrelated) recorded by
the HR-VOG and infrared (IR) eye-tracking system are equal.

correlated anticorrelated

Sub �y UPHR-VOG vs IR eye-tracker �y DWHR-VOG vs IR eye-tracker �y UPHR-VOG vs IR eye-tracker �y DWHR-VOG vs IR eye-tracker

1 0.210 0.657 0.946 0.015*

2 0.005* 0.113 0.001* 0.002*

3 0.035* 0.115 0.009* <0.001*

4 0.536 0.103 0.552 0.445

5 0.002* 0.910 0.214 0.042*
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Fig. 5. OFRs position and velocity traces recorded by infrared eye-tracking induced by correlated
and anticorrelated motion pattern.

4 Discussion

The present study aimed to compare the measurement of OFRs using HR-VOG and
infrared eye-tracking techniques. Our results showed that both techniques were able to
accurately register eye-displacements induced by vertically drifting images during the
open-loop period. Indeed, the eye-displacement and eye-velocity reflexes depicted in
Fig. 5 are similar to those recorded by scleral coils [7], indicating that the infrared eye-
tracking measurements reflect OFRs rather than noise. Similarly, the average amplitude
of OFRs in the correlated condition (0.261 ± 0.137) is similar to the average amplitude
of OFRs produced by vertically drifting stimuli reported in [17]. Despite that, the pre-
cision of the infrared eye-tracking system did not allow finding differences between the
two experimental conditions. In contrast, the HR-VOG technique was able to register
significant differences in eye-displacement induced by the two experimental conditions
(correlated and anticorrelated). This suggests that HR-VOGmay provide more accurate
and reliable measurements of OFRs than the standard infrared eye-tracking technique.
Our findings are in line with previous studies that have highlighted the limitations of the
infrared eye-tracking system for measuring eye movements [14, 15]. These studies have
reported that infrared limbal eye-tracking may suffer from drift and have limited spatial
resolution, leading to inaccuracies in measuring eye movements. In contrast, HR-VOG
claims to provide accurate and precise measurements of eye movements [17]. In our
study, we found that HR-VOG was able to measure significant differences between the
two experimental conditions, indicating that it may be a more reliable tool for measur-
ing OFRs. Although the infrared eye-tracking system has a higher temporal resolution,
allowing the study of eye-displacements and velocity traces during time, it has some
limitations that make it unsuitable for clinical applications, especially in children where
OFRs can be potentially used to diagnose stereodeficiencies. One of the main limitations
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is the need for tedious and accurate positioning of the sensors, which requires calibration
for accurate recordings [15].

According to the results of Levene’s test, there was no significant variance difference
between the two eye-tracking systems for the correlated downward condition. However,
for the anticorrelated condition, there was usually a significant difference in variance
(excluding subject 4). This can be attributed to the fact that in the down-drifting anticorre-
lated condition, the eye-lidsmay cover the limbus (the border between the iris and sclera)
[18], making it more difficult for a used infrared eye-tracker to accurately detect smaller
eye-movements compared to the down-drifting correlated condition. These results sug-
gest that the HR-VOG and IR eye-tracking systems may not always produce comparable
results, depending on the subject and condition being tested.

In addition, it is important to note that our study was conducted on a small sample
size and involved only vertical motion stimuli. Another possible concern is that two
separate eyes were recorded during the experiment. Although in [9] it stated that the
choice of using the dominant eye was arbitrary and considered not influential in healthy
subjects, this has not been experimentally validated andmay introduce bias. On the other
hand, recording OFRs in two separate sessions can lead to other issues when comparing
the two eye-tracking systems. These may include variations in the number of artifacts,
subject fatigue, and slight changes in room lighting conditions.

Future studies with larger sample sizes and a horizontal moving stimulus should be
conducted to further investigate the potential benefits and limitations of HR-VOG and
infrared eye-tracking techniques.

To our knowledge, this is the first study that directly compared the measurement
of OFRs using HR-VOG and infrared eye-tracking techniques. Our results suggest that
HR-VOGmay provide more accurate measurements of OFRs than the standard infrared
eye-tracking technique making the HR-VOG be a more suitable method for studying
OFRs in both research and clinical settings.

Acknowledgments. This study was funded by the Italian Ministry of Health, Grant/Award Num-
ber: 2764554RicercaCorrente 2021 and partially supported by themaster’s programme inClinical
Engineering of the University of Trieste.
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Abstract. Eye movement disorders can have various impacts on reading difficul-
ties, such as tracking difficulties, unstable fixation, issues related to visual process-
ing and attention.A comprehensive understanding of patient’s visual functions and
reading ability may require a precise evaluation of their eye movements by vision
or speech specialists. Eye tracking is a widely applied method for assessing eye
movement parameters during reading and other visual tasks. By using eye track-
ing, it is possible to track eye movements across words and sentences without
requiring any overt verbal or motor response from the child. The aim of our study
was to develop an objective method for the assessing eye movement performance
in children using eye-tracking technology. We tested this method on 53 s-grade
school-aged children (7 and 8 years old) using special reading tasks displayed
on a computer screen and eye movement recording with a Tobii Pro Fusion eye
tracking device (250 Hz). Speech therapists assessed the children’s reading skills
using the Acadience Reading test. Our results indicated a correlation between the
children’s reading performance and the number of eye fixations, average fixation
duration, and total reading time. Based on our results, we conclude that the devel-
oped method based on eye-tracking works well both as a screening method and
as a diagnostic method for assessing eye movements during reading. This method
will be particularly useful for optometrists, speech therapists, and other specialists
involved in children’s vision, health, and academic achievements.

Keywords: Acadience Reading test · Eye Tracking · Fixation Duration ·
Fixations · Reading Speed

1 Introduction

Research has shown that reading difficulties are a common problem among children,
with approximately 5–12% of children experiencing significant difficulties with reading
[1]. Additionally, children with reading difficulties are frequently diagnosed with var-
ious visual function anomalies. Detecting and preventing visual function problems is
crucial to avoid their further impact on educational development [2]. This emphasizes
the importance of objectively assessing reading ability.
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Precise control and coordination of eye movements with cognitive processes are
crucial during reading [3]. Previous studies suggest that eye-tracking may be useful in
identifying children with abnormal reading development [4] and may detect the earliest
stages of cognitive decline [5]. Eye-tracking studies have demonstrated that children
with reading difficulties have poorer control of vertical and horizontal eye movements
[6] and they demonstrate more and longer fixations during reading [7]. The time spent
fixating on a text is often associated with a measure of reading time [8].

The Acadience Reading test is designed to assess reading skills in children from pre-
school age (6 years) to sixth grade. Depending on the age of the child, the test evaluates
reading accuracy, retell quality, and other measures. However, the reading composite
score, which combines multiple sub-test scores, provides the best overall estimate of
the student’s reading abilities [9]. Eye-tracking is a widely applied for determining eye
movement parameters during reading and other visual tasks, and eye trackers are now
accessible not only to scientific laboratories but also to primary vision care specialists.
Therefore, the aim of our study is to develop a method for registering and assessing eye
movement parameters during reading and to determine a correlation between the results
obtained using this method and those obtained from the widely used Acadience Reading
test.

2 Method

Our developed method for assessing eye movement performance in children during
reading is based on an eye-tracking approach. We recorded eye movements using Tobii
Pro Fusion eye tracker (250 Hz) and Titta Master toolbox [10]. A special reading task
was designed to be displayed on a computer screen at a distance of 65 cm. The reading
task consisted of an age-appropriate text of 24 words, with a letter size of 0.66 degrees
and a space of 1.17 degrees between lines. The text width was 14.9 degrees. We used
the I2MC algorithm [11] to detect the average fixation duration, the total reading time,
and the number of eye fixations.

To evaluate our developedmethod, we tested it on 53 s-grade school-aged children (7
and 8 years old). The text used in the reading task was adapted to the age of the children.
The children’s reading skills were assessed by speech therapists using the Acadience
Reading test, which revealed that 28% of the children had low reading scores. We
analysed the data using SPSS 22.0 (SPSS Inc., Chicago, IL, USA).

3 Results

Dividing children into two groups based on their reading skills, we found that those with
reading difficulties had a significantly longer average fixation duration (M = 701 ms,
SD = 286) compared to those without reading difficulties (M = 462, SD = 132), t (16)
= 3.106, p < .007. Additionally, the individual Acadience Reading composite score
correlated with the children’s fixation duration (r = .604, n= 53, p< .001), (see Fig. 1).

The results also demonstrated a correlation between the total time required to perform
the reading task and the composite score (r = .619, n= 53, p< .001), (see Fig. 2) and a
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Fig. 1. A correlation between the fixation duration and the composite score.

Fig. 2. A correlation between the reading time and the composite score.

moderate correlation was found between the number of eye fixations and the composite
score (r = .400, n = 53, p = .003), (see Fig. 3).

The results of the correlation analysis demonstrated significant relationships between
various eyemovement parameters and the total reading time taken to perform the reading
task. Specifically, a strong correlation was found between the fixation duration and total
reading time (r= .869, n= 53, p< .001), indicating that childrenwho had longer fixation
durations took longer to complete the reading task. Additionally, a strong correlation
was found between the number of eye fixations and total reading time (r = .704, n= 53,
p < .001), indicating that children who had more eye fixations took longer to complete
the reading task. Furthermore, a moderate positive correlation was found between the
fixation duration and the total number of fixations (r= .457, n= 53, p= .001), indicating



Assessment of Children Eye Movement Performance 249

Fig. 3. A correlation between the number of eye fixations and the composite score.

that children who had longer fixation durations also tended to have a greater number of
fixations.

4 Discussion

The method we have developed for assessing eye movements in children is based on
objective eye movement evaluation using an eye tracker. During a specially designed
reading task, we analysed fixational eye movement parameters, such as the number and
duration of fixations. We found that the duration of fixations correlates more with the
children’s reading performance on the Acadience Reading test than the number of eye
fixations. It is noteworthy that despite the short length of the reading task,which consisted
of only 24 words, a positive correlation was observed between the total time taken to
complete the task and reading performance. Even though all observed correlations are
moderate, the findings are still notable.

We also analysed the relationship between fixation parameters. Our findings were
consistent with previous research, as we observed that children with slower reading rate
tended to perform more fixations and the duration of fixations was longer [12].

Previous studies have shown that a method based on eye movement analysis can
be an effective in assessing text comprehension [13] and learners’ second language
proficiency [14]. Our results indicate that the eye-tracking method we have developed
may be a reliable tool for both as a screening method and as a diagnostic method for
assessing eye movements during reading. Using this method, the assessment of eye
movement parameters during reading can be completed in a relative short period of
time.

This study represents a pilot investigation, as we have tested our method only
on second-grade school-aged children. Further research is necessary to determine the
effectiveness of the method on other age groups.
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Abstract. The correct trigger pull is one of the factors that significantly affect
shooting results. DAid smart finger/glove prototype with integrated highly sensi-
tive textile pressure sensors was proposed recently to offer a cost-effective solution
for the recognition of trigger pull errors. The motivation of the present study is
the further elaboration of data processing methods to enable the use of this device
for the classification of trigger pull errors.

Aim:Develop a simple and undemandingmethod for recognition of the trigger
pull error type in sport shooting using smart fingers/gloves as a sensing device.

Novelty: An original new method for recognition of the type of trigger pull
errors is proposed.Themethoduses data obtainedwith theDAid smart finger/glove
system.

Main results: Critical parameters of the trigger pull process were selected.
The reference confidence intervals (P= 0.99) that characterize correct pull move-
ments were determined for these parameters. Reference intervals were used for
the recognition of the type of error. The method was verified by a professional
shooter, simulating typical novices’ errors during trigger pull. The sensitivity and
specificity of the error detection in this limited study were about 82% and 100%,
correspondingly.

ConclusionTheDAid smart finger/glove device, combinedwith the developed
method for determining the trigger pull error, could provide reliable and objective
data on the triggering process, that may be used as an effective tool to improve
the effectiveness of training for shooters.

Keywords: Shooting Sports · Shooting Errors Recognition · Smart Textile ·
Textile Pressure Sensors

1 Introduction

1.1 Motivation

The performance of athletes in shooting sports is defined by such obvious aspects, as
aiming, breathing, or position. Besides this, subtle and inconspicuous motions of palm
and fingers that shooters do to pull a firearm’s trigger may significantly affect the shot
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results, too [1]. Typical errors, such as excessively tightened forearm and palm muscles,
leading to the tilt of the firearm just before the shot [2], could pass unnoticed both by
the athlete and by the coach. The difficulty to detect incorrect trigger pull patterns is
redoubled by the firearm’s recoil. The recoil causes noticeable forearm movement and
hereby conceals most of the trigger-pulling errors, so even experienced couches could
not notice them. Tiny palm and finger movements, causing deviation of the pistol barrel
by just 0.5 mm at the 25-m range lead to the deflection of a bullet by 8 cm, but at the
50-m range – already by 16 cm. [3]. The analysis of the bullet scattering pattern, in
general, enables the detection of shooting errors [4], but this method is only effective
for multiple shots and is not useful for single-shot analysis and for real-time “in situ”
correction. Also, hit point position is the result of several factors, finger movement is
just one of them.

Literature and market propose various systems, eligible for assessment of shooter’s
finger pressure and trigger pull training. Such systems range from the simplest finger
spring-powered exercise devices [5] to the advanced finger force monitoring systems,
designed either for real pistols, e.g., Beretta or Glock [6], or for the originally designed
shooting training kits, such as SCATT [7]. In the lab conditions, researchers often use
custom–made devices, based on commercial pressure sensors, mounted directly on the
trigger [2].

These advanced systems have certain drawbacks. Mostly they are either designed
for certain gun models or use mock weapons that differ from those athletes use in
competition. Often, they are rigidly mounted on the gun and should be dismounted
and re-attached to another gun when there is a need to switch to another person, that
is especially important in sport shooting when guns are individually adjusted for each
athlete. Finally, most of these systems are designed to measure the index finger pressure
force only. Therefore, they could not evaluate the firearm handle grip. While pulling the
trigger, the proper grip is as much important, as the correct index finger motion. It is the
grip errors, such as excessive middle finger pressure, or unnecessary muscular tension,
that causes the barrel of the weapon to deflect [4]. For the correct shot, the index finger
should be the only finger that moves [8].

1.2 Approach

The alternative approach, discussed in this paper, proposes the wearable device, enabling
the positioning of the finger and palm pressure monitoring sensors on the shooter’s hand.
“Smart” gloves or fingerstalls could be, for instance, equippedwith elastomer-embedded
silicon sensors [9] or graphite tensile-pressure sensors based on polydimethylsiloxane
[10] to measure both index finger pressure on the trigger and grip pressure. However,
commercially available sensors are often too rigid, inflexible, or just thick. Being tactilely
perceptible, those sensors affect the sensitivity of the fingers and altermovement patterns,
because shooters just feel them. A good alternative is entirely textile pressure or force
sensors. They are flexible and do not disturb the shooter’s fingers’ movements. Smart
gloves, equippedwith such sensors, will not differ tactilely from any other type of gloves,
that some shooters (biathletes, policemen, military) use regularly.

Previous research reported examples of smart gloves developed to measure fingers’
pressure forces, such as grip monitoring gloves with embedded woven piezoresistive
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sensors [11], or basketball player gloves with embedded knitted piezoresistive pressure
sensors [12]. Recently, authors introduced an originally developed prototype of the
shooter’s finger movement monitoring glove, which for simplicity was designed as just
two fingerstalls for the index and middle fingers. In the previous paper, the authors
demonstrated the prototype’s ability to distinguish correct and wrong triggering patterns
[13]. The present paper elaborates data processing technique, described in [13] and
estimates the accuracy of the classification of correct and wrong trigger pull motions,
bearing in mind future development of the tool for shooter’s finger movement training.

2 Materials and Methods

2.1 Measurement System Design

The originally developed finger pressure monitoring system [13] included two finger-
stalls and a data acquisition module (Fig. 1a). Resistive sensing elements were knitted
from electrically conductive threads [14] and sewn to the finger cot with non-conductive
yarn. The resistance of the sensing elements decreases with an increase in applied force
or pressure [12]. Conductive paths were embroidered with electrically conductive silver-
coated yarn [14] and ended with metal snaps for the connection to the data acquisition
unit. The resistance of the unloaded sensors ranged from 25 to 170 kOhms. Such scatter-
ing could be caused by different initial deformation of the sensors’ fabric during manual
sewing.

The fingerstalls used in the present research had two sensors - on the distal (III)
and middle (II) phalanges. The typical shooting technique [1] presumes that the trigger
is pulled by the index finger’s III phalanx. But some athletes, usually those who have
fingers longer than other shooters, may use the II phalanx, too. Monitoring of the II
phalanx pressure of the middle finger is important for the detection of excessive grip.

The original data acquisition unit (Fig. 1b) enables the connection of up to 8 resistive
sensorswith resistances up to 1024 kOhms. Themeasurement is based on the registration
of the voltage drop over sensor resistance, fed by calibrated current. The unit uses
10-bit ADC, and the measurement range could be adjusted from 2 kOhm up to 1024
kOhm. The sampling rate is 160 samples/channel, which corresponds to 6.3 ms intervals
between samples. This is generally compatible with firearm lock time (3–10 ms). To
monitor the moment of the shot, the external microphone was connected (Fig. 1c).
During the measurements, the microphone was attached to the gun barrel with adhesive
tape. Although the sampling rate was too small to record shot sound, the acoustic channel
still was able to provide an estimate of the shot moment with an accuracy± 6.3 ms both
for the dry shot and for the bullet shot. The trigger mechanism’s click is detectable at the
recording even for the dry fire shots (see Fig. 2). The data module communicates data
via Bluetooth 2.1 wireless connection to the computer with custom-designed software
that enables both real-time display and recording of the finger pressure waveforms.
During measurements, the data acquisition unit is attached to the shooter’s wrist. The
rechargeable battery of the unit enables 8- hours of continuous operation.
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Fig. 1. Fingerstalls with one (left) and two (middle and right) textile pressure sensors (a), data
acquisition module (b), and measurement scheme (c) [13].

2.2 Experimental Group

The present research was limited to the proof of concept of the designed fingerstalls and
their application for the classification of the sport shooters’ trigger pull movements. The
experimental group consisted of just two volunteer shooters: a national champion-level
shooter and a shooting coach. The shooters were selected because of their experience and
ability to perform both correct shots and shots with a simulation of the typical novices’
errors.

The first shooter used a pneumatic pistol Steyr LP 10 with a single-stage trigger and
trigger pull effort of 4.9 N and a 9-mmMakarov pistol (PM) with a two-stage trigger and
trigger effort of 19.6 N. The second shooter used Steyr LP 10 with a two-stage trigger
and trigger effort of 4.90 N. and a similar 9-mmMakarov but with an effort of 24.52 N.

Each shooter performed a series of dry fire (with no bullet) and ordinary shots, trying
to perform at their best. After the series of perfect shots, shooters simulated typical trigger
pooling mistakes: (I) pulling the trigger with II phalanx of index finger; (II) tearing off
the trigger at the beginning of the shot; (III) tearing off the trigger at the end of the free
run; (IV) trigger tear off at the end of the pull; (V) early (<1 s) release of the trigger after
shot; (VI) unstable jerky pressure of the middle finger. For each type of measurement,
at least three shots in a series were performed.

Alongside, the second shooter performed a series of 13 dry shots with the 9-mm
pistol, simulating different errors. This series was used to validate developed shot
classification rules.

2.3 Data Processing

The pre-processing of the recorded waveforms included sliding median filtering with
followingmoving average filtering to remove noise and spike-wise artifacts. Thewindow
for the filters varied from 20 to 80 points, and the result of the filtering was estimated
visually to avoid loss of information due to the flattening of the stepwise fragments of
the waveform. The delay, potentially introduced by the filters, was not compensated.

Figure 2 depicts typical correct single-shot waveforms for the III (distal) index finger
phalanx sensor, II (middle) index finger phalanx sensor, and middle finger sensor. The
spike in the arbitrary microphone signal indicates the instant of the shot. The typical shot
waveform exhibits two distinguished stages: the pull stage, from the beginning of the
trigger pull until shot, and the post-shot phase, from the instant of shot until the finger
pressure to trigger is released. Although for the two-stage triggered pistols, the pull phase
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could be further divided into two sub-stages, one corresponds to idle trigger run, and
another – to the increasing resistance of the trigger’s spring, this division is unpractical,
because the transition between two substages is not noticeable for the correct trigger
pulling movement. The duration of the pull phase takes about 85% of the whole shot
cycle for both single-stage and two-stage triggered pistols [16]. The post-shot phase
is short and makes the remaining 15% (about 1 s in absolute units). This phase is
characterized by the ability of the experienced shooter to maintain pressure over the
trigger after the shot. A sharp increase at the end of the post-shot phase indicates the
release of the trigger and the corresponding drop in finger pressure.

Fig. 2. Typical single-shot waveforms for the correct trigger pull. The characteristic points are
A – the shot, B – start of the trigger pull, C – end of the trigger pull, and D – trigger release.

For any type of used firearm, the shot waveforms may be characterized by typical
timing points (Fig. 2). PointA corresponds to the instant of the shot. Point B characterizes
the beginning of the shot waveform, when applied trigger pressure starts to increase.
Point B corresponded to the instant when the sensor readout decreased by 3% from the
maximum on the left. The start of the shot was generally defined by the readouts from
the III phalanx sensor, but if the shooter pulled the trigger with the II phalanx, either
because of error or because of anatomical peculiarities (too long fingers), point B could
be more easily detected on the II phalanx sensor waveform.Whatever waveform is used,
point B was the same for index finger sensors. Point B’ for the middle finger was defined
independently, because, in most of the observed waveforms, it was delayed relative to
point B. Point C corresponds to the end of the pull phase and activation of the trigger, and
is defined as being by 0.3 s before the instant of the shot, here the typical time between
triggering and shot itself was used. Point D corresponds to the release of the trigger and
is characterized by a fast increase in the sensor’s readout.

The waveforms for every single shot were limited to 20 s before point A and 4 s
after point A. For the whole set of data, the longest pull phase was 19.55 s, but the
longest post-shot phase was 3.93 s. If the end of the previous shot fell within these 20 s,
the waveform was cut immediately after the end of the previous shot. Waveforms were
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normalized by the baseline value, calculated as an average of the waveform’s first 100
datapoints (~ 0.63 s), which corresponds to the “no load” conditions before trigger pull.

The normalized waveforms were analyzed visually to find typical differences
between correct and incorrect shots. For each single-shot waveform, a set of param-
eters was derived (Table 1) to be used to establish reference intervals for the correct
shot.

Table 1. Parameters of the single shot waveform.

Parameter, unit Description

Extracted from the waveform of index finger III phalanx sensor -

Pull time, s The time interval from point B to point C

Hold time, s The time interval from point A to point D

Amplitude, arb. un Relative change of signal amplitude over pull
time, calculated using normalized maximal
Rmax and minimal Rmin signal values:
A = (Rmax − Rmin)/Rmax

Maximal slope at a shot, s−1 The maximal absolute value (ignoring the sign)
of the slope of the waveform, determined in the
vicinity of point A ± 0.3 s

Extracted from the waveform of index finger II phalanx sensor -

Average slope at the pull phase, s−1 The slope of the waveform in the pull phase is
calculated over the range from point B’ to point
C’

Standard deviation of the slope at the pull
phase, s−1

The standard deviation of the slope of the
waveform in the pull phase, calculated over the
range from point B to point C, seconds−1

Maximal slope at a shot, s−1 The maximal absolute value (ignoring the sign)
of the slope of the waveform, determined in the
vicinity of point A’ ± 0.3 s

Extracted from the waveform of the middle finger sensor -

Maximal slope at the pull phase, s−1 The maximal absolute value (ignoring the sign)
of the slope of the waveform, determined over
the range from point B* to point C*

Comment: the slope was calculated for every point of the waveform, using a sliding backward
window with a width of up to 100 points.

The visual comparison of the waveforms demonstrated that all the normalized wave-
forms, recorded for the correct shots, look similar for any shooter or pistol type. There-
fore, parameters derived from different waveformswere considered as a sample. The ref-
erence intervalswere calculated as sample-based either 95%or 99%confidence intervals.
Further analysis demonstrated that a 99% interval provides amore accurate classification,
therefore only this interval will be used from this point ahead.



Method to Detect Trigger Pulling Errors in Shooting Sports 257

Established reference intervals were used to formulate classification rules for the
determination of shot correctness. Developed rules were validated, using 13 waveforms,
recorded by the experienced coach with andwithout simulation of typical trigger-pulling
mistakes.

3 Results and Discussion

3.1 Parameters of the Correct Shot

Table 2 summarizes threshold values for the parameters that correspond to the correct
shot. The sensitivity of each parameter to the erroneous motion was estimated as a ratio
of the number of incorrect shots, that had corresponding parameters out of the correct
range, to the total number of incorrect shots. For each type of error, two parameters with
maximal sensitivity were left to be used for shot classification. If the maximal sensitivity
for the parameter did not exceed 0.5, this parameter was omitted. In Table 2, parameters
that are eligible for classification are numbered.

Table 2. Waveform parameters sensitivity to the trigger pulling errors.

Parameter Correct shot threshold Sensitivity to the error type

I II III IV V VI

Index finger III phalanx sensor

1 Pull time, s > 12.8 0.6 1.0 0.8

2 Hold time, s > 1.0 1.0

3 Amplitude, a.u > 0.43 1.0 0.7

4 The maximal slope at the
shot, s−1

< 0.11 1.0 0.8 0.8 0.7

Index finger II phalanx sensor

The average slope at the pull,
s−1

< 0.062

The standard deviation of the
slope at the pull, s−1

< 0.094

5 The maximal slope at the
shot, s−1

< 0.22 1.0

Middle finger sensor

6 The maximal slope at the pull,
s−1

< 0.25 0.8

Error types are: (I) pulling the trigger with II phalanx of index finger; (II) tearing off the trigger
at the beginning of the shot; (III) tearing off the trigger at the end of the free run; (IV) trigger tear
off at the end of the pull; (V) early (< 1 s) release of the trigger after shot; (VI) unstable jerky
pressure of the middle finger.



258 A. Katashev et al.

3.2 Classification Rules

Classification rules were based on the established ranges for the shot parameters. The
algorithm of the classification is summarized in Fig. 3. The names of parameters and
types of errors correspond to those in Table 2.

IF (index III phalanx sensor amplitude) out of range (< 0.43) 

THEN non-correct, error type I END

ELSE

IF (middle sensor maximal slope at pull) out of range (> 0.25) 

THEN non-correct, error type VI
IF (index III phalanx sensor hold time) out of range (<1.0)

THEN non-correct, error type V
IF (index III phalanx sensor hold time) within the range (<0.11)

THEN correct, no errors.
ELSE

IF (index III phalanx sensor hold time) within the range (>12.8)

THEN non-correct, error type IV
ELSE 

IF (index III phalanx sensor hold time) > 8.5 s

THEN non-correct, error type III
ELSE 

IF (index II phalanx sensor maximal slope at shot)
out of range (> 0.22)

THEN non-correct, error type II
ELSE correct, no errors END

Fig. 3. Trigger pull error classification algorithm.

3.3 Validation of the Classification Rules

Table 3 summarizes the results of the classification of the validation dataset. The clas-
sification was made following developed rules blindly: the classifier did not know what
type of error was simulated. The results of validation demonstrated that the classification
by criterion “correct/not correct” was accurate. All eleven incorrect shots were classified
as incorrect, and two correct shots were classified as correct. As for the determination of
the type of error, the correct type was recognized in 7 cases out of 11 (67%). In two cases,
the simulated error was recognized, but the classifier decided that there is an additional
error. In two cases the error was not recognized correctly.

Recognition of error II in addition to the correctly recognized error VI (excessive
and unstable middle finger pressure) could be considered a success, too. Highly likely
that the shooter, while simulating this type of error, may unconsciously make another
error. According to the coach, excessive middle finger pressure could cause a tear-off of
the trigger, i.e., error VI caused error IV, as it was recognized by the classifier using the
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proposed rules. If so, the rate of success could be estimated as 9 out of 11, or 82% of
correctly recognized error types.

Table 3. Results of the classification of shots performed by coach with error simulation.

Test shot nr: 1 2 3 4 5 6 7 8 9 10 11 12 13

Shot: nc nc nc nc nc nc c nc nc nc nc nc c

Simulated
error

II IV V I III VI - IV I III VI II -

Classified
as

nc nc nc nc nc nc c nc nc nc nc nc c

Detected
error

II IV I I II IV, VI - IV I III IV, VI II -

c – correct shot, nc – non-correct shot.

3.4 Discussion

The results of the present study illustrate the potential of the textile-based shooter’s
trigger pull motion monitoring fingerstalls. The extraction of features of the recorded
waveforms for both correct and incorrect shots enabled the development of classification
criteria and rules for the recognition of the incorrect triggering techniques. Note, that
the proposed features are close to the parameters that were described in the literature
as important indicators of triggering: parameters, derived from normalized trigger force
slope [2], and timing of triggering [15, 16].

The present research has obvious limitations. First, the incorrect motions were sim-
ulated by experienced shooters. Therefore, the first question that should be addressed in
the future is to what extent simulated waveforms are like those recorded with inexpe-
rienced shooters, which errors are “natural”. Another limitation is the small number of
shooters and firearms. In the present research, the criteria for shot parameters were the
same for any shooter/pistol combination, suggesting, that it is possible to elaborate some
universal “good shot standard”. Nevertheless, it may not be the case if more shooters or
weapon types will be involved in the study.

Another reason to increase the number of shooters is the need to collect more
data for the estimation of the accuracy of the classification algorithm. The present
research gave a preliminary estimation of 100% sensitivity and 100% specificity for
the “correct/incorrect” test, but the specificity was estimated using just two shots.

The resulting method is not neural network based; therefore, it does not require
significant computing power and can provide real-time data flow with low memory
controllers. Nevertheless, the use of a neural network for the classification of triggering
errors could be considered as an alternative approach for shot waveform analysis.



260 A. Katashev et al.

4 Conclusion

The DAid smart finger/glove device, combined with the developed method for classifi-
cation of the trigger pull error, could provide reliable and objective data on the triggering
process, that may be used as a promising tool for improving the effectiveness of shooting
training.

Acknowledgments. The research has been partially financed by the Riga Technical University
research grant 01000–1.4-e/25 “Smart textile system formonitoring the pressure of the shooter’45s
finger on the gun trigger”.

References

1. Laaksonen, M.S., Finkenzeller, T., Holmberg, H.-C., Sattlecker, G.: The influence of phys-
iobiomechanical parameters, technical aspects of shooting, and psychophysiological factors
on biathlon performance: A review. J. Sport Health Sci. 7(4), 394–404 (2018)

2. Sattlecker, G., Buchecker, M., Gressenbauer, C., Müller, E., Lindinger, S.: Factors discrimi-
nating high from low score performance in biathlon shooting. Int. J, Sports Physiol Perform.
12(3), 377–384 (2017)
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Abstract. For the past few decades, many researches have been devoted to
study and develop new biocompatible materials for medical implants. MgCa1
and TiAl6V4 are examples of such materials. It is possible to adjust their physical
and chemical parameters by coating the surface with calcium phosphates (CaP).
In turn, exposing materials to UV radiation influencing the surface charge may
contribute to cell immobilization and thus materials biocompatibility.

The purpose of this study was to investigate how UV radiation influences the
immobilization of yeast cells on the surfaces of Mg- and Ti- originated alloys and
their CaP coatings.

MgCa1 and TiAl6V4 samples with different coatings (uncoated, CaP, Ca+

and variations doped with Zn or Ga) were used. Surface roughness, FTIR spectras
and surface electric potential (via electron work function measurements) were
assessed before and after UV irradiation (for 30 and 60 min). S. cerevisiae were
immobilized on the surfaces of samples and assessed its coverage using fluorescent
microscopy.

Adherence of yeast cells was found to be more prominent for Ti samples, than
to Mg samples. There was no conclusive link discovered between the samples’
surface roughness and yeast cells’ adherence to it. UV irradiation does not affect
the chemical structure of the samples. Overly, UV irradiation has improved the
cell immobilization on Mg- and Ti-originated alloys with different CaP coating,
exceptions are only coatings with Zn or Ga dopings. Non-coated Mg- and Ti-
originated alloys showed the best adherence of yeast cells.

Keywords: Coatings · UV radiation ·Magnesium alloy · Titanium alloy ·
surface charge · yeast cells
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1 Introduction

New biocompatible materials for medical implants have been the focus of extensive
research over the last few decades. Such materials include biodegradable MgCa and
non-biodegradable TiAl6V4.

Both metals are highly biocompatible, have a high strength-to-weight ratio, and have
an elastic modulus that is lower than that of other metals and more similar to that of
human bone.

Calcium phosphate (CaP) coatings, potentially doped with Zn or Ga, can be applied
to a surface to control the rate of corrosion, increase stiffness, manage cell adhesion, and
promote bone regrowth [1].

It is important to assess the biocompatibility of Mg- and Ti-originated alloys with
various protective coatings on living cells before using them as implants. Because they
are eukaryotic, like human cells, yeast cells are excellent for these uses. In turn, expos-
ing materials to UV radiation influencing the surface charge may contribute to cell
immobilization [2].

The purpose of here presented study was to investigate how UV radiation influences
the immobilization of yeast cells on the surfaces of Mg- and Ti- originated alloys and
their CaP coatings.

2 Materials

2.1 Mg- and Ti-Originated Alloys Samples with and Without CaP Coatings

The samples were produced by INNOVENT e.V. in Jena, Germany, as part of “CoatDe-
graBac” research project. Coatings were formed using the micro-arc oxidation (MAO)
method [3]. Mg samples were coated with CaP, CaP with Ga doping, CaP with Zn dop-
ing, Ca+. Also, one set of Mg samples was not coated, but so-called “pickled”, meaning
that samples were chemically treated using acid to improve the corrosion resistance and
induce biomineralization on the surface of material. Ti samples coatings were – CaP,
Ca+, and Ca + with Zn doping, also one set of samples was uncoated.

All samples look like pucks with 15 mm in diameter and various heights from ~ 3
to 5 mm.

2.2 Yeast Cells

Yeast cells for the research were obtained in form of dry baker’s yeast from the grocery
store. The method of its preparation is described further in Sect. 3.5.

3 Methods

3.1 Surface Roughness Measurements

Measurement to determine parameters of surface was done by using contact profilometer
Mitutoyo Surfest SJ-500, which tracks the surface with stylus and record deviations in
height.
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3.2 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy method uses infrared radiation, at some wavelengths it is absorbed
by the sample more than at others, thus showing distinct bands on the output spectrum.
These bands correspond to the different molecules’ deformations present in the sample,
showing the so-called “molecular fingerprint”, thus, it is possible to define the com-
ponents/molecules present in the material of the sample [2]. It may show whether any
chemical bonds were broken due to exposure to UV radiation. It was performed before
and after UV irradiation of samples.

For the research, a Bruker Tensor II spectrometer was used with a Platinum ATR
module for examination of solid samples.

3.3 Photoemission Spectroscopy

The potential of thematerial surface can be calculated by knowing the work function that
can be found based on the obtained data from the photoemission spectrometry. Electron
work function is the minimal amount of energy needed to hit the electron out of the
surface of the solid material. Therefore, an increase of EWF identifies that the surface
has a negative charge.

To measure EWF, a custom designed photoelectron spectrometer was employed [2].

3.4 UV Irradiation

The electrical potential on a material’s surface can be controlled using UV radiation.
The outer membrane of yeast cells has a negative potential [4]. Increasing the potential
difference between the sample surface and yeast cells by charging the substrate surface
positively could make the yeast cells more electrostatically attracted [5].

Hamamatsu Lightning Cure LC8 UV light source with L10852 -01A type lamp
(that has maximal irradiance of 4500 mW/cm2 at 365 nm) was used in this research for
irradiation of the samples. The distance from the source to the samples was maintained
at 20 cm, all samples were placed in the same intensity region to evenly irradiate each
sample without causing serious thermal damage to the surface.

In this research samples with no exposure with 30-min and 60-min exposures were
compared.

3.5 Yeast Cell Preparation and Immobilization

To prepare a concentrated solution, about 6–7 mg of dried yeast powder was combined
with 50 ml of distilled water. Mixing is performed using a vortex mixer until the solution
has become homogeneous. Then it was centrifuged to separate yeast from the scraps,
water changed and mixed again, then diluted with 500 ml of distilled water [6]. To verify
the optical density and thus control the concentration of the prepared solution, a UV-VIS
spectrometer was used at 600 nm. In this research, optical density was maintained at
0.175 ± 0.005 AV.

Samples on which cells must be immobilized are placed in a special holder, that is
designed for 8 samples to be held at a time. The holder was placed in a petri dish and
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filled with 50 ml of prepared yeast substance and stirred for 60 min at 50 RPM. The
solution was then removed using the syringe and samples were placed in the incubator
at a temperature of 30 °C for drying.

3.6 Fluorescent Microscopy

Fluorescentmicroscopy is used to count the quantity of immobilized cells on the surfaces
of the samples. Primulinwas the fluorophore employed in the study, and its concentration
was 1 mg/ml. Each sample received an equal amount of 15 l of primulin. About 15 min
after applying the fluorophore, the examination must be performed.

Dead yeast cells’ ruptured membranes allow the fluorophore to enter the interior of
the cell, making it simpler to spot and identify immobilized cells.

The microscope used for the observation is Olympus BX51, equipped with Olympus
DP71digital camera. To count the number of immobilized cells, images were processed
using ImageJ software.

4 Results and Discussion

4.1 Surface Roughness Measurements

Ra values correspond to the height difference and RSm – to the horizontal distance
between peaks (Fig. 1).
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Fig. 1. Roughness values for all materials.

Compared with the uncoated substrate, CaP and Ca+ coatings lead to an increase
of roughness. It is most likely due to the MAO deposition technique applied for the
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preparation of the coatings. High porosity is an expression of the strong gas formation,
caused by the spark discharge on the surface during the deposition of the ions. However,
addition of Zn or Ga into coating structures lead to a slight decrease of roughness. It may
be because the formation of the dielectric was accompanied by a very fine and uniform
spark discharge, whereas the other electrolytes had a coarser spark discharge and thus
larger pore diameters [1].

Comparing yeast cells coverage areas for different materials (Sect. 4.4), there were
not found any distinct correlation between surface roughness and cells adherence.

4.2 FTIR Measurements Before and After UV Irradiation

Acquired FTIR spectras were denoted by peaks of absorbance by its wave number.
Example of MgCa CaP spectra with denotions are displayed on Fig. 2.
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Fig. 2. FTIR, MgCa CaP.

When FTIR spectrawere analyzed, no patterns that would suggest a certain alteration
in the chemical structures of the substrate were discovered. The remaining peaks for all
the materials exhibit a random change, but most of the wavenumber variances for each
associated absorbance band fall within error bands.

4.3 Electrical Potential Measurements on the Surface Before and After UV
Irradiation

The difference in work function values before and after UV represents a potential on
the surface of the substrate. To show the change in the EWF values caused by UV
exposure, pre-irradiation EWF values were subtracted from corresponding values after
UV exposure. Results are displayed on Fig. 3.

Addition of coatings to Mg samples showed a negative EWF change, however, for
Ti – a positive. Doping the coating with Zn showed the least change in the surface charge
after UV irradiation.
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4.4 Immobilized Yeast Cell Coverage Area

The photos of samples with immobilized yeast cells on their surfaces were taken using a
fluorescencemicroscopewith a built-in digital camera.Using the contrast and intensity of
the luminescence of the cells against the image background, ImageJ software calculates
the cell coverage of the substrate after processing the photos.

The data for all the samples at each exposure are shown in Figs. 4 and 5.
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Fig. 4. Cells coverage areas at different exposure times, for Mg-based samples.

Adherence of yeast cells is more prominent for Ti samples, than to Mg samples. On
Mg- and Ti-originated alloys with various CaP coatings, UV irradiation has generally
improved cell immobilization; the only exceptions are coatings with dopings. For MgCa
Ca+, TiAl6V4, TiAl6V4 CaP, and TiAl6V4 Ca+ with Zn doping, a 30-min exposure is
ideal.
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Fig. 5. Cells coverage areas at different exposure times, for Ti-based samples.

5 Conclusions

Adherence of yeast cells is more prominent for Ti samples, than to Mg samples.
Overly, UV irradiation improves the immobilization on the surfaces of Mg- and Ti-

originated alloys and their CaP coatings. Although the surface is not exposed to UV, cell
adhesion is improved if coatings are doped with Zn or Ga.

There was no conclusive link discovered between the samples’ surface roughness
and yeast cells’ adherence to it.

UV irradiation does not change the molecular structures of Mg- and Ti-originated
alloys.

Addition of coatings to Mg samples showed a negative EWF change, however, for
Ti – a positive. Doping the coating with Zn showed the least change in the surface charge
after UV irradiation.

The increase in photoelectron current forMg samples enhances the adhesion of yeast
cells to its surfaces. For the Ti sample, however, drops.

Yeast cells adhered to non-coated Mg- and Ti-originated alloys the best.
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Abstract. Six potential thin film candidates, Bi, Ti, Al2O3, Ag, Au, and C,
were prepared on Si substrate to determine the most suitable ones to detect three
known salivary biomarkers, L-Fucose, L-Proline, and N-acetylneuraminic acid
from surface-enhanced Raman spectrum. In the two-phase study, 5 mg of each
biomarker substancewasfirst diluted into 1ml ofMilliporewater and then into 1ml
of artificial saliva. Artificial saliva was used to ensure the molecular homogeneity
of the samples. The normalized and smoothed spectra were area normalized, and
cubic k-nearest neighbors’ confusion matrixes and F1-scores were computed, in
both phases. The results show that laser-deposited Bi and Al2O3 thin films along
with the typical Au and Ag are useful in detecting biomarkers from saliva. Com-
positional and microtextural modifications could further improve the performance
of thin films.

Keywords: Surface-enhanced Raman spectroscopy · Thin films · Salivary
Biomarkers

1 Introduction

Surface-enhanced Raman spectroscopy (SERS) detects weak Raman signals from sub-
stances with low concentrations or low Raman scattering cross-sections as SERS ampli-
fies Raman signals with metallic surfaces that are roughened on the nanoscale. Typical
metallic surfaces used for SERS are silver and gold [1]. SERS is used to detect sub-
stances based on their unique “fingerprint” region in the spectrum, and it is based on the
inelastic scattering of light. Most of the scattered light has the same frequency as the
incident light but some of the scattered light has different frequencies. Only one in 108

photons undergo Raman scattering [1, 2].
One of the challenges detecting salivary biomarkers is that the chosen method must

be able to recognize the disease specific biomarkers from the plethora of interfering
substances to be effective [3]. Biomedical and forensic studies use SERS [2, 4–9] to
identify the different pathophysiological biomarkers or illegal substances like cocaine [8,
9] from human saliva. Feng et al. [5] used SERS to study salivary proteins to differentiate
malignant and benign breast cancer tumors. Hernández-Arteaga et al. [6] used SERS
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to diagnose breast cancer based on elevated N-acetylneuraminic acid levels in saliva.
Hernández-Cedillo et al. [7] used SERS to study sialic acid levels in periodontitis and
gingivitis. An identification method for N-acetylneuraminic acid SERS scattering on
silver nanoparticle surface was developed by Vinogradova et al. [1]. They used solutions
of different concentrations of N-acetylneuraminic in DI water meaning that studies with
biological fluids like saliva, serum or blood are needed to confirm the results.

Along with systemic diseases, oral diseases benefit from saliva-based diagnosis.
The common methods for diagnosing oral diseases are visual inspection, histopatho-
logical analysis to tissue biopsy, chemiluminescence and tissue autofluorescence [2, 4,
10]. Visual inspection, chemiluminescence and tissue fluoresce can detect lesions but
cannot differentiate between pre-malignant or malignant lesions [10]. Tissue biopsy is
highly invasive method [10]. Oral squamous cell carcinoma (OSCC) is among the six
most common cancers worldwide and 90% of the diagnosed oral cancers are OSCCs [3,
11]. L-Fucose, L-Proline, and N-acetylneuraminic acid levels change with progress-
ing oral diseases such as OSCC [12, 13], gingivitis or periodontitis [7]. Changing
N-acetylneuraminic acid levels in saliva are also associated with Sjögren’s syndrome.

Saliva acts as an analyte for Raman and other vibrational spectroscopies for diagnos-
ing oral diseases [14] as saliva is in proximity with oral cavity and it is mainly produced
by secretory glands in oral cavity [15]. That, and the non-invasive collectionmakes saliva
potentially better diagnostic fluid for oral cancers than blood.

Ultra short-pulsed laser deposition (USPLD) technique is a well-controlled physical
vapor deposition method to deposit a wide variety of thin films on solid substrate mate-
rials with good adhesion. In this study, we aimed to clarify the potential of four USPLD
thin films i.e., carbon (C), bismuth (Bi), titanium (Ti), and alumina (Al2O3) in detecting
biomarkers from saliva. In addition to conventionally used thin film materials Au, Ag,
and TiO2 [1, 14] we wanted to compare the potential of four other biomaterial surfaces,
i.e., carbon (C), bismuth (Bi), titanium (Ti), and alumina (Al2O3).

2 Materials and Methods

2.1 Preparation of Thin Films

Deposition of different thin film materials on high purity silicon substrates were car-
ried out using ultra short-pulsed laser deposition (USPLD) with a high-energy ultrafast
Tangerine fs fiber laser (Amplitude Systemes, Pessac, France) as described in detail in
[16]. For Au deposition we utilized direct-current magnetron sputtering method (Stiletto
Serie ST20, AJA International Inc., North Scituate, MA, US) with a high-purity (99.6%
up) Au target. Physical plasma cleaning treatment of the samples was conducted just
before deposition using an argon ion sputtering unit (SAM-7kV, Minsk, Belarus). The
purity of noble argon was 99.9999% (Scientific grade Argon 6.0, Oy AGA Ab, Espoo,
Finland). Six different thin film materials were deposited in a similar manner. The depo-
sition parameters in USPLD process were adjusted to achieve good adhesion and smooth
surface quality. To reach film thicknesses of about 200 − 400 nm we used a 0.3 ps pulse
length and 44 μJ pulse energy with an average power of 22 W. This thickness offers a
uniform durable thin layer on smooth surfaces like Si. Repetition rate of 0.5 MHz was
to reach a stable deposition at a high-vacuum pressure of about 0.5 mPa.
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2.2 Preparation of Sample Solutions

Five independent solutions of each L-Fucose (L-(-)-Fucose≥ 99%, SigmaAldrich, Saint
Louis, MO, USA), L-Proline (L-Proline-Reagent Plus* ≥ 99%, Sigma Aldrich, Saint
Louis, MO, USA), and N-Acetylneuraminic acid (N-Acetylneuraminic acid, synthetic,
≥ 95%, Sigma Aldrich, Saint Louis, MO, US) were prepared by mixing 5 mg of the
substance into 1ml ofMillipore (18.2�) water in the first phase and into 1ml of artificial
saliva (Artificial Saliva for Medical and Dental Research, Pickering Laboratories, CA,
USA) in the second phase. Artificial saliva was chosen instead of collecting human
saliva to ensure the molecular consistency in each sample. N-acetylneuraminic acid is a
predominant form of sialic acid (SA) family found in humans [17], so it will be referred
as SA from this point forward. A total of 15 solutions were prepared in both phases.
Five 5 μl drops were pipetted on top of the thin film surface and left to dry out at a room
temperature (21.6 zC) for 60 min. This procedure was repeated for each of the three
solutions L-Fucose, L-Proline, and SA.

2.3 Surface-Enhanced Raman Spectroscopy

Raman spectrum (50.19 cm−1 − 3399.94 cm−1) was collected using Thermo Nicolet
Raman ImagingMicroscope DXR2xi (Thermo Fisher Scientific,WI, USA) with 532 nm
laser (DXR 532 nm filter, full range grating, confocal pinhole 25 μm, EM gain on,
depolarized) and 5.0 mW laser power and exposure time of 0.2 s. Three 20 nm × 20 nm
areas were measured from each drop, and the mean spectra from each of the three
areas was calculated with Thermo Scientific™ OMNIC™xi Software (Thermo Fisher
Scientific, WI, USA). This means that a total of 15 spectra from each substance per each
thin film were acquired.

2.4 Spectral and Multivariate Analysis

An average spectrum was calculated out of the raw spectra. A standard normal variate
(SNV) was used to normalize average spectrum. A Savitzky-Golay filter (degree = 3,
window = 31) was used to smooth the SNV spectrum. Area normalization was done to
the smoothed spectrum. To distinguish the different spectra of the three biomarkers from
water, artificial saliva and from each other, we used a cubic k-nearest neighbors (kNN)
classification algorithm. The data was cross-validated (k-fold = 5) a hundred times. To
validate the performance of the cubic kNN algorithm the F1-score was calculated with
confusionStats(group, grouphat) function by Cheong [18]. The calculations were done
using MATLAB 2019a (The MathWorks, Natick, MA, USA, 2019).

3 Results

The smoothed and area normalized average spectra of all aqueous solutions and spiked
salivas are presented in Figs. 1 and 2. A strong peak around 500 cm−1 belonging to Si
[19] appears on all spectra except on the Ag thin film surface. Another peak belonging to
Si appears between 1062 − 1014 cm−1 [20]. For SA spectrum the silicon peak appears



272 M. Hurskainen et al.

strong only onBi andAl2O3 thin films. Peak positions and their correspondingmolecular
groups are presented on Table 1. Major peaks around 3040 − 2800 cm-1 are assigned
to C-H stretch [21] for all three substances. On C thin films, all three substances have
a wide peak around 1700–1000 cm−1 that overrides other peaks. All three substances
have a peak around 1140 − 1090 cm−1 that is assigned to out-of-phase C-C stretch and
to C-O stretch [1, 20, 22].

The four most suitable thin films are Bi, Au, Ag, and Al2O3 based on both the
visual inspection of the spectra in Fig. 1 and the confusion matrix of cross-validation
of the aqueous solutions in Fig. 3a. The overriding C peak (Fig. 1e) makes C thin film
unsuitable for SERS detection of biomarkers in our study. Thus, these four surfaces were
selected for further measurements with spiked artificial saliva, even though the F1-score
for SA measured on C was higher than on Bi.

Fig. 1. The smoothed, area normalized average spectra of aqueous solutions.

3.1 Multivariate Analysis

Confusion matrixes for both aqueous solutions and spiked artificial saliva and their cor-
responding F1-scores are presented in Fig. 3. Validation accuracies for aqueous solutions
and artificial salivas were 99.53% and 99.87%, respectively. Confusion matrix defines
the performance of the classification algorithm. It shows the number of observations in
each cell’s true and predicted classes.
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Fig. 2. The smoothed, area normalized average spectra of spiked salivas.

Table 1. Peak assignments for each substance both in aqueous solutions and spiked salivas.

Material Raman shift [cm−1] Peak assignment Reference

Aqueous solutions Spiked salivas

SA 3040 − 2800 3000 − 2831 ν(C-H2) [21]

L-Proline – 1740 − 1658 ν(C-H) [1]

L-Fucose – 1718 − 1660 ν(C-H) [1]

SA 1656 − 1594 1658 − 1641 ν(C = O), Amide I [23]

SA 1569 − 1508 1556 − 1548 ν(C-N) [1]

L-Fucose 1475 − 1429 1477 − 1411 δ(C-H2) [20, 24]

L-Proline 1484–1348 1490 − 1411 δ(C-H) [20, 22]

SA 1403 − 1344 1411 − 1346 γ(C-H2), δ(C-O-H) [1, 25]

L-Proline 1330 − 1270 1344 − 1207 medium C-H,
Amide III

[22]

L-Proline 1270 − 1153 1270 − 1209 β(N-H) [22]

SA 1263 − 1205 1257 − 1207 ν(C-N), Amide III [1]

L-Fucose, L-Proline 1153 − 1064 1139 − 1068 out-of-phase
ν(C-C), ν(C-N) and
ν(C-O)

[20, 22]

(continued)
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Table 1. (continued)

Material Raman shift [cm−1] Peak assignment Reference

Aqueous solutions Spiked salivas

SA 1106 − 1058 – δ(C-H), δ(C-O-H),
ring asym
ν(C-O-C)

[26]

SA 1004 − 925 1014 − 910 ring breathing [1]

SA 971 − 944 973 − 881 γ(N-H), ν(C-O) [1]

L-Proline 964 − 819 964 − 819 ν(N-H) [22]

SA 946 − 869 946 − 869 ν(C-O-C) [1]

L-Fucose 883 − 830 883 − 830 C-O-C ring [20]

SA 813 − 761 – δ(C–C–O),
δ(C–C–H),
δ(O–C–H) + γ(H)

[27]

SA 879 − 802 879 − 802 C-H vibration [1]

SA 669 − 590 667 − 611 ring δ, ρ(C-H2) [28]

L-Proline 611 − 592 611 − 592 τ(C-C) [20, 22]

L-Fucose 478 − 162 478 − 162 aliphatic C-C [24]

*β = in-plane-bend, γ = wagging, δ = deformation, ν = stretch, ρ = rocking, τ = twisting

Fig. 3. Cubic k-nearest neighbor’s confusion matrixes and F1-scores of (a) aqueous solutions,
and (b) spiked salivas. Confusion matrix defines the performance of the classification algorithm
by showing the number of observations in each cell’s true and predicted classes.
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4 Discussion

In our experimental study, we found out that four out of the six thin films are well suitable
in detecting salivary biomarkers: L-Fucose, L-Proline and SA from aqueous solutions
and spiked artificial saliva. In case of both aqueous L-Fucose and L-Proline solutions,
the best thin films were Bi, Au, Ag and Al2O3. In case of the aqueous SA solutions,
the average spectrum on C thin film had better F1-score (0.9935) than Bi (0.9910).
The spectra of all three biomarker solutions are dominated by a strong characteristic
amorphous carbon peak around 1700 − 1000 cm−1 (Fig. 1e) on the C thin film making
it unusable to detect these biomarkers with SERS. A strong Si peak around 500 cm−1

appeared on all thin films except for spectra measured on Ag thin film. The intensity of
the Si peak is dependent on the thickness and the transparency of the thin film.

The confusion matrix in Fig. 3a shows that the F1-scores for average spectrum
measured on Ti is higher than thosemeasured onAu for L-Fucose and L-Proline aqueous
solutions. However, spectra measured on Au have an equal or a higher number of correct
classifications than Ti.

For the second phase of the study, we decided to use the four thin films: Bi, Au, Ag
andAl2O3. The decisionwas based on the visual inspection of the spectra in Fig. 1a-f that
shows a strong C peak overpowering the spectra. To confirm the decision a classification
algorithm, a cubic kNN was used. The confusion matrix and F1-scores were computed
to evaluate the performance of the cubic kNN classification in phase one. Artificial saliva
was spiked with L-Fucose, L-Proline and SA. Saliva consists of 94 − 99% water [15]
but as an ultrafiltration of blood, it contains amino acids, proteins, antioxidants, nucleic
acids, enzymes, and primarymetabolites [2, 15]. Artificial saliva was chosen over human
saliva samples to ensure the molecular consistency of the saliva and the spiked samples.

5 Conclusions

For our study, we chose six thin films that can be used in SERS studies to detect known
salivary biomarkers.We focused on known oral disease biomarkers, L-Fucose, L-Proline
and SA. Further studies are needed to collect saliva from healthy volunteers and spike
them with different amounts of biomarkers to quantify the amounts of substance based
on the peak intensities. Microtextural and compositional modifications to the thin films
could further improve their performance.
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Abstract. 3D bioprinting is a novel technology allowing for the precise and con-
trolled deposition of cells and extracellularmatrix in order tomanufacture artificial
tissues. Gelatin is a material commonly used for various bioprinting procedures,
owing to its suitability for cell attachment, biocompatibility and optimal physical
properties for the printing procedure. In this research, we aimed to compare the
smooth muscle and endothelial differentiation potential of rabbit adipose (ASC)
and buccal mucosa (BMSC) stem cells cultivated on gelatin. These types of cells
could be used in various tissue engineering applications, such as the bioprinting
of larger blood vessels or urethral tissue. In the case of smooth muscle differ-
entiation, both types of cells (ASC and BMSC) show reduced proliferation rates
indicating commitment to differentiation. Both cell types showed similar pat-
terns of smooth muscle differentiation-related gene expression: ASC and BMSC
displayed increased intensity of Acta2 and Tagln gene expression 10 days after
differentiation induction; ASC also had increased level ofCald1 expression 5 days
after differentiation induction. The appearance of alpha smoothmuscle actin stress
fibers in ASC cells days after differentiation induction was further confirmed by
immunocytochemistry. In the case of epithelial differentiation, both cell types
showed similar changes in proliferation intensity 10 days after differentiation
induction, as well as no clear differences in gene expression patterns. Thus, we
conclude that both stemcell types,when cultivated ongelatin, are similarly suitable
for epithelial differentiation, however, ASC would be more suitable for smooth
muscle differentiation.

Keywords: stem cells · tissue engineering · gelatin

1 Introduction

Although the body has capacities to regenerate damaged tissue, if the injury is substantial,
full recovery becomes impossible. In those cases, allograft or xenograft replacement of
the damaged tissue may be carried out. However, in some cases, such as when source
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tissue for the graft is scarce or complicated to obtain, engineered artificial tissue could be
used [1]. Artificial tissues manufactured from the patient’s differentiated stem cells and
biocompatible scaffoldingmaterial are attractive for several reasons: first, the technology
allows the manufacture of grafts with sizes suitable for individual needs; second, to
establish stem cell cultures for tissue engineering, minimal inconvenience and minor
intervention is needed on behalf of the patient; third, the engineered tissue can eventually
completely integrate into the patient’s organism, allowing for full recovery of the injured
tissue. For these reasons, tissue engineering is seen as an innovative and highly effective
method of treatment that may eventually significantly improve clinical outcomes.

In the field of tissue engineering, new and improved biomaterials and sources for
adult stem cells are constantly sought after [2]. The biomaterial used in this application
should be biocompatible, easily synthesizable into an appropriate-sized scaffold, and
provide the required chemical and mechanical cues for the stem cells grown inside it to
differentiate into cells of the engineered tissue. Gelatin and methacrylated gelatin are
a very attractive, and, thus, widely used biomaterials for tissue engineering, especially
when 3D bioprinting is employed [3]. The components of gelatin – collagens –mimic the
natural extracellularmatrix, provide themolecular cues necessary for cell attachment and
survival and are easily enzymatically or photo-crosslinked to form tissue-like materials
with encapsulated cells. The stem cells used for tissue engineering applications should
be easily accessible in the organism and have good proliferation rates and differentiation
potential. Adipose stem cells have shown a spectrum of applications in the fields of
tissue engineering and regenerative medicine, owing to their relatively simple isolation
from excised adipose tissue or lipoaspirates, multipotency of differentiation into various
mesenchymal tissues, such as bone or muscle, and beneficial immune modulation and
anti-inflammatory properties. Buccal mucosa stem cells, on the other hand, are a novel
source of stem cells and their potential in the field of tissue engineering is yet to be fully
investigated.

The rabbit (Oryctolagus cuniculus) is a laboratory animalmodel occasionally used in
tissue engineering research, for example, to evaluate in vivo the application of efficacy of
artificial tissues for urethral repair [4]. Constructing artificial urethral tissue, comprised
of a smooth muscle and urothelial layers, would require the use of stem cells that opti-
mally differentiate into smooth muscle and epithelium. Therefore, in this research, we
compared the smooth muscle and epithelial differentiation potentials of rabbit adipose
stem cells (ASC) and rabbit buccal mucosa stem (BMSC) cells.

2 Materials and Methods

2.1 Cell Isolation and Cultivation

Stem cells of adipose tissue (ASC) were isolated as follows: a ~10 mm3 piece of sub-
cutaneous fat was excised from the subcutaneous part of a New Zealand rabbit’s genital
are. The tissue piece was transported to the cell culture facility in DMEM (Gibco) with
300 U/ml penicillin 300 μg/ml streptomycin (Gibco). The tissue was washed for 10
min in HBSS with calcium and magnesium (Gibco) and subsequently digested for 2 h
in Collagenase I (Gibco) prepared in HBSS according to manufacturer’s instructions.
Subsequently, the digested tissue with the cell suspension was centrifuged at 600 g for
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10 min. The supernatant was removed, then the cells were resuspended in regular culture
medium (DMEM with 10% FBS (Gibco) and 1% penicillin-streptomycin) and seeded
into 24-well plates (TPP), then transferred into the cell incubator. The medium was
removed after 2 days and fresh media was added.

Stem cells of buccal mucosa tissue (BMSC) were isolated from a ~10 mm3 piece
of rabbit buccal mucosa. The procedure was identical to adipose stem cell isolation, as
described above. The culture medium used for buccal mucosa stem cell cultivation con-
tained the following: DME/F12 base medium (Gibco), 5% FBS, 1% insulin-transferrin-
selenium (Gibco), 1% penicillin-streptomycin, 10 ng/ml βNGF (Peprotech), 5 ng/ml
EGF (Peprotech) and 200 ng/ml hydrocortisone (Sigma-Aldrich).

The containers with cells were kept in a cell culture incubator with humidified 5%
CO2 atmosphere and 37 °C temperature (Thermo Fisher). The monolayer cell cultures
were split every 2–3 days as follows: once the cultures were 90% confluent, the spent
media was removed and the containers washed twice with PBS (Roth). 0.1% trypsin
(Gibco) in EDTA (Roth) solution was added and the plates or flasks transferred into
37 °C cell culture incubator for 3–5 min. Once the monolayer was dispersed, fresh
media were added and the suspension divided into 2 to 3 new plates or flasks, depending
on the amount of cells.

2.2 Gelatin Coating of Tissue Culture Surfaces

Food-grade gelatin was used to prepare a 2% gelatin solution in PBS. The solution was
autoclaved after preparation. 1 ml of the solution was added into the wells of 12-well
plates (TPP) used for the experiments, and the plates were incubated in 37 °C incubator
overnight to allow the adsorbtion of gelatin. The solution was removed after incubation,
and the gelatin coated plates would then be used for cell culture experiments.

2.3 Differentiation of Rabbit Stem Cells on Gelatin

Rabbit stem cells were differentiated towards smooth muscle and epithelium using bio-
chemical inductors in the culture media. The contents for the smooth muscle differ-
entiation medium are thus: low glucose DMEM (Gibco), 1% Ultroser (Sartorius), 10
ng/ml TGFβ1 (Peprotech), 1% penicillin-streptomycin. The contents for the epithelial
differentiation medium are as follows: low glucose DMEM (Gibco), 0.5%Ultroser (Sar-
torius), 2.5 μg/ml retinoic acid (Peprotech), 10 ng/ml KGF (Peprotech), 10 ng/ml HGF
(Peprotech), 20 ng/ml EGF, 500 ng/ml hydrocortisone and 1% penicillin-streptomycin.
As a negative control, cells that hadn’t induced differentiation were cultivated on gelatin
in parallel, using the regular culture media with the FBS exchanged for Ultroser at 2%
for ASC and 1% for BMSC. The media were removed and fresh media added every 2–3
days.

2.4 Cell Proliferation Measurement

Cell proliferation rate was assessed via MTT assay. MTT powder (Sigma-Aldrich)
was dissolved in PBS at a concentration of 0.5 mg/ml and sterile filtered through
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0.22 μm syringe filter (Millipore). Cells on gelatin-coated surfaces differentiated for
5 and 10 days, as well as control cells that had not induced differentiation for 1, 5 and
10 days, were washed twice with PBS after media removal. 1 ml of MTT solution was
added to the wells and plates were incubated for 1 h in 37 °C incubator. MTT solution
was removed, and the formazan crystals that were produced dissolved in 440 μl DMSO
(Sigma-Aldrich) for 5 min at room temperature. 200 μl samples were transferred to a
96-well plate (TPP) in duplicate. Absorption of 540 nm (formazan) and 650 nm (back-
ground) length waves was measured via Varioskan plate reader (Thermo Fisher). The
measured formazan absorption was representative of the proliferation rate of the cells.

2.5 Quantification of Gene Expression

Levels of gene expression (Ocln, Cdh1, Ck14 for epithelial differentiation and Tagln,
Acta2 and Cald1 for smooth muscle differentiation) was measured by quantitative PCR.
The RNA was isolated from the cells using TriZOL reagent (Thermo Fisher) according
to manufacturer’s instructions. RNA quality was assessed via RNA electrophoresis in
2% agarose gel. cDNA was synthesized using the Maxima H Minus cDNA synthesis
kit with dsDNAse (Thermo Fisher) according to manufacturer’s instructions. qPCR
was performed using the Luminaris Color HiGreen qPCR Master Mix (Thermo Fisher)
according to manufacturer’s instructions. Expression level of Gapdh was measured to
calculate relative expression of the genes of interest.

2.6 Immunocytochemistry

Samples for immunocytochemistry were first washed twicewith PBS and then fixedwith
4% paraformaldehyde for 15 min in room temperature. Permeabilization was performed
using a 0.1% Triton X (Sigma-Aldrich) solution in PBS (PBST) for 30 min, followed
by blocking with 10% goat serum (Sigma-Aldrich), 0.3 M glycin (Sigma-Aldrich) and
1% BSA (Sigma-Aldrich) solution in PBST for 4 h. After removal of blocking solution,
samples were incubated with primary antibodies diluted in 1% BSA solution in PBST
overnight in+ 4 °C. Following incubation, the primary antibody solution was removed,
the samples were washed three times with PBS and incubated with diluted secondary
antibodies for 4 h in room temperature. Secondary antibody solution was removed,
samples were washed two times with PBS and incubated with 1μg/ml DAPI solution in
PBS for 15 min. DAPI solution was removed, the samples were washed two times with
PBS and then imaged using Leica SP8 STED confocal microscope.

3 Results and Discussion

3.1 Cell Proliferation Measurement

Rabbit adipose stem cells (ASC) and buccal mucosa stem cells (BMSC) were differen-
tiated with chemical induction on gelatin for a period of 10 days, with negative control
(undifferentiated) cells cultivated in parallel. The proliferation rate of the cells was mea-
sured via MTT assay at three time points: after seeding the cells, prior to differentiation
induction; 5 days after differentiation induction and 10 days thereafter (Fig. 1).
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(a) (b)
Fig. 1. Cell proliferation rates during epitheliogenic (A) and myogenic (B) differentiation. The
intensity of proliferation was determined via MTT assay, with the MTT oxidation product (for-
mazan) absorbance representing the proliferation rate of the cells. Calculations were made for the
ratio between each group and the day 0 measurements. Averages (columns) and SD (crossbars)
displayed. N = 6. Star (*) denotes statistically significant (p < 0.05) differences between the cell
groups, evaluated using the t test.

Among the cells that were differentiated towards the epithelium, onlyASC displayed
a reduced proliferative rate 5 days after induction of differentiation when compared to
undifferentiated cells (Fig. 1, A). The maintenance proliferation rate of cells differenti-
ated towards the epithelial lineage has been observed by other researchers [5], and our
findings are similar in the case of BMSC, but not ASC. In the case of myogenic differen-
tiation, significant reduction in proliferation rates was observed in all cases: both ASC
and BMSC, after 5 and 10 days of differentiation induction (Fig. 1, B). A significant
reduction of the proliferation rate is a sign of commitment towards smooth muscle dif-
ferentiation [6], therefore, both cell types exhibited similar signs of induced myogenic
differentiation.

3.2 Gene Expression Evaluation

Rabbit adipose stem cells (ASC) and buccal mucosa stem cells (BMSC) were differen-
tiated with chemical induction on gelatin for a period of 10 days, with negative control
(undifferentiated) cells cultivated in parallel. The expression of genes related to myo-
genic and epitheliogenic differentiation was measured on the initial day of the experi-
ment, as well as after 5 and 10 days (Fig. 2). Gene expression in undifferentiated cells
was evaluated in parallel.

The Acta2 gene codes for alpha smooth muscle actin, one of the crucial components
of the cytoskeletal contractionmechanismof smoothmuscle cells [7];Tagln codes for the
transgelin transcription factor crucial for smooth muscle differentiation [7]; meanwhile,
Cald1 codes for a calmodulin-binding protein and is expressed during the middle stage
of smooth muscle differentiation [8]. Thus, the increase of the expression of these genes
would indicate stem cell commitment towards the smooth muscle lineage.

In the case of epithelial differentiation, both Ocln and Cdh1 code for proteins found
in tight junctions – the physical connections between epithelial cells – and are indicators
of late-stage epithelial differentiation [9]. We have not found any reliable indicators of
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middle-stage epithelial differentiation, however, Ck14, coding for cytokeratin 14, has
been suggested as an indicator for epithelial differentiation [10]. An initial upregulation
of the expression of this gene, followed by attenuation, could be indicate the dynamics
of differentiation of stem cells towards the epithelial lineage.

(a)

(b)
Fig. 2. Gene expression measurements during stem cell cell epitheliogenic (A) and myogenic (B)
differentiation on gelatin. Medians (bars) and all measurement results (dots) displayed. Calcula-
tions were made for the ratio between each group and the day 0 measurements. N= 4–6. Star (*)
denotes statistically significant (p < 0.05) differences between the cell groups, evaluated using
the Wilcoxon test.
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ASC displayed significant differences between differentiated and undifferentiated
cells when the gene expression intenisities of Ck14 (at day 10) and Ocln (at days 5 &
10) were measured. Meanwhile, BMSC only showed a significant reduction of Ck14
5 days after differentiation induction, which was not consistent at the last time point of
measurement (10 days). In general, neither of the cell types showed substantial differ-
ences in differentiation intensity towards the epithelial lineage when gene expression
was evaluated.

The evaluation of gene expression during differentiation of stemcells towards smooth
muscle showed a clearer picture. ASC cells displayed significantly higher expression of
all three smooth muscle differentiation-related genes 10 days after differentiation induc-
tion. Both cell types – ASC and BMSC – also showed increased expression of Acta2,
coding for alpha smooth muscle actin already 5 days after differentiation induction, and
increased Tagln expression at that same time point. These results are similar to findings
by other researchers, such as when bone marrow stem cells were differentiatied [8]. In
summary, although both cell types displayed gene expression changes indicative of com-
mitment towards the smoothmuscle lineage, ASC cells showedmore significant changes
in gene expression levels and could be more suited for smooth muscle differentiation
than BMSC cells.

3.3 Immunocytochemistry

To confirm successful differentiation of the cells towards the smooth muscle lineage,
immunocytochemistry imaging to detect alpha smooth muscle actin (αSMA, marker
of smooth muscle) was performed (Fig. 3). Although diffuse distribution of αSMA is
present in various cell types, formation of clear stress fibers comprised of αSMA is
essential for the contractile function of smooth muscle [11]. We chose to evaluate only
ASC cells differentiated towards the smooth muscle lineage as they displayed more
significant changes in gene expression during smooth muscle differentiation.

Undifferentiated ASC

DAPI αSMA

Smooth muscle-differentiated ASC

DAPI αSMA

Fig. 3. Immunocytochemistry imaging of undifferentiated rabbit ASC (left) and after 5 days of
myogenic differentiation (right) on gelatin. Formation of clear, straight αSMA stress fibers (right,
bottom) indicates differentiation towards smooth muscle lineage.
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The immunocytochemistry imaging results showed formation of αSMA stress fibers
in ASC cells differentiated towards the smooth muscle lineage [11]. This result further
confirms the suitability of ASC for use in smooth muscle differentiation on gelatin.

4 Conclusions

Both rabbit ASC and BMSC cells cultivated on gelatin have similar changes in pro-
liferation rates when differentiated towards either myogenic or epitheliogenic direction
with chemical induction of differentiation. When changes in differentiation-related gene
expression were evaluated, in the case of epithelial differentiation, no clear pattern of
changes was observed for eitherOcln,Cdh1 orCk14 gene expression. On the other hand,
both cell types displayed an increased intensity ofActa2 and Tagln gene expression, with
ASC cells also showing increased Cald1 gene expression 10 days after differentiation
induction. ASC cell commitment towards smooth muscle lineage was further confirmed
by immunocytochemistry, with clear formation of αSMA stress fibers in the micro-
scopic images. From our findings, both cell types, when cultured on a gelatin substrate,
are similarly suitable towards epithelial differentiation, but ASC cells are more suitable
for smooth muscle differentiation.
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Abstract. The patterns of complexation of Cu (II) and Zn (II) with lysozyme
without and in the presence of the surfactant decamethoxin were studied. It has
been established thatwith an increase in the concentration ofmetal ions, complexes
are formed with a stoichiometric ratio of 1:1 to 1:4 for the lysozyme-zinc system
and from 1:1 to 1:5 for the lysozyme-copper system, and lysozyme remains, which
does not entered into interaction. It was shown that the binding of the second atom
of zinc and copper with the corresponding 1:1 complex occurs more actively than
with the native lysozyme molecule (positive cooperative effect). The introduction
of decamethoxin neutralizes this effect and leads to an increase in the average
number of metal atoms interacting with lysozyme. We explain the increase in the
involvement of lysozyme in the process of complex formation by the influence
of decamethoxin on the folding process, which manifests itself in an increase in
the resistance of lysozyme to changes in conformation as a result of interaction
with metals. The possibility of using the MALDI-ToF MS method for assessing
the interaction of metal ions with proteins was shown.

Keywords: decamethoxin · Cu (II) and Zn (II) ions · lysozyme · complexation ·
MALDI-ToF MS · cooperative effect

1 Introduction

It is known that surfactants are able to regulate conformation [1–3] and influence the pro-
cess of protein folding [4, 5]. Cationic surfactant decamethoxin (DCM), which belongs
to bis-quaternary ammonium compounds, is used as an antiseptic for the treatment of
purulent wounds [6], in acute conjunctivitis and after ophthalmic operations in the form
of a 0.02% aqueous solution (Decasan®), as well as in the composition of eye drops,
which determines its possible interaction with the lysozyme of the lacrimal fluid. It is
obvious that the consequence of such an interaction will be a change in conformation
and, consequently, properties of lysozyme (enzymatic activity) as shown in [7]. Another
factor affecting the properties and conformation of proteins is complex formation with
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metal ions. Some metals are included in enzymes as a cofactor and take part in various
biological processes [8, 9]. Of interest is the interaction in the ternary system, where,
together with lysozyme, the solution contains DCM and Cu (II) or Zn (II) atoms, which
have a pronounced complexing ability. Copper and zinc atoms are present in biological
fluids, and their interaction with lysozyme has previously been well studied by various
methods by other authors. These systems were used by us as models for studying the
effect of surfactants on the processes of complex formation. In this work, we demonstrate
the possibilities of the mass spectrometry method in the analysis of relative quantitative
changes in the contributions of stoichiometric complexes during the interaction of metal
atoms with lysozyme in various media.

2 Materials and Methods

The studies were carried out using an Autoflex II LRF 20 mass spectrometer (Bruker
Daltonics) equipped with the MALDI-ToF method in the linear mode of the instrument.
Matrix for mass spectrometric studies was prepared according to the standard method:
12 mg of synapic acid (Fluka) was dissolved in 1 ml of a mixture of water-isopropanol,
1:1. Chemically pure CuSO4 and ZnCl2 salts served as the source of the corresponding
ions. The examined sample was applied to a standard steel target, which was dried under
ambient conditions. Each total mass spectrum obtained is the sum of 700 individual
spectra.

In the first series of experiments, we studied the dependence of the complexation
of lysozyme (0.00007 M) on the concentration of Cu (II) or Zn (II) ions, exceeding the
concentration of lysozyme in solution by 1; 3; 6; 12; 24; 50; 100; 250 and 500 times.

In the second series of studies, DCM was added to solutions at a constant molar
ratio of lysozyme:DCM = 1:6, close to that in human tear fluid when using Decasan®.
The fact of protein binding to the metal was determined by the appearance in the mass
spectrum of new peaks corresponding to the calculated stoichiometric complexes. Based
on the obtained and normalizedmass spectra according to [10], the relative contributions
of each formed stoichiometric complex Lys-Me; Lys-Me2; Lys-Me3…. Lys-Men were
defined. In order to study the interaction of zinc and copper atoms with lysozyme and
its complexes, we proposed an approach based on the statistical change in the relative
contributions of the complexes, which consists in constructing individual curves reflect-
ing the interaction of atoms with the corresponding complexes. These curves reflect the
relative percentage of the corresponding stoichiometric complexes that have interacted
with the metal. They demonstrate the relative reactivity of the respective stoichiometric
complex under given conditions. The higher this curve is, the higher the reactivity of this
complex. Based on the relative contributions of the complexes, curves were constructed
reflecting the relative number of metal atoms (x 0.01) associated with the lysozyme
molecule (general interaction curve).

We proceeded from the fact that the attachment of metal atoms to lysozyme occurs
through energetically nonequivalent centers. With a more energetically favorable addi-
tion of the next atom (positive cooperative effect), the curve reflecting this process will
be located above the curve reflecting the formation of the previous, less energetically
favorable complex, and if the addition of the next metal atom becomes less energetically
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favorable, then below it (negative cooperative effect) [11, 12]. As is known, one of the
causes of the cooperative effect is such a change in protein conformation that creates
conditions for favorable or unfavorable binding with the subsequent ligand [13, 14]. The
phenomenon of cooperativity and the formation of the first complex 1:1 are decisive for
the subsequent quantitative interaction of the protein with metal atoms.

3 Results and Discussion

In a blank experiment in the absence of metal compounds in solution, we did not record
the formation of complexes of lysozyme with DCM. In the main series of experiments,
mass spectra revealed peaks related to stoichiometric complexes of lysozymewith copper
with stoichiometry from 1:1 to 1:5 and with zinc from 1:1 to 1:4, from which we can
conclude that lysozyme interacts more actively with copper (II) than with zinc, which
is consistent with the data [15, 16]. The presence of DCM in the solution leads to a
more active interaction of both metals with lysozyme, which manifests itself in the
formation of complexes of the same stoichiometry at a lower concentration of copper
and zinc compounds in the solution. In the case of zinc, the activating effect of DCM
is more pronounced (Fig. 1). It is also seen that the addition of the second metal atom
proceeds with a positive cooperative effect. The addition of DCM narrows the range
of concentrations at which a positive cooperative effect is manifested, which is most
pronounced in the case of zinc (II) (Fig. 2).

Fig. 1. Curves showing the average number of metal ions bound to lysozyme depending on the
molar ratio of metal:lysozyme: Cu (II) ions without (1) and in the presence of DCM (2); Zn (II)
ions without (3) and in the presence of DCM (4).
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Fig. 2. Curves reflecting the relative percentage of the stoichiometric complex lysozyme:metal
atom as 1:1 (1), 1:2 (2), 1:3 (3), 1:4 (4) 1:5 (5) forming with the Cu(II) ions without (a) and in the
presence of DCM (b); forming with the Zn(II) ions without (c) and in the presence of DCM (d).

The addition of DCM in the case of both metals leads to a significant increase in the
proportion of reacted lysozyme. This is shown in Fig. 2 general curves (1). Curve (1)
corresponding to the formationof the 1:1 complex reflects the relative percentageof intact
lysozyme that interacts with the metal atom. However, even at a ratio of lysozyme:metal
= 1:250 and 1:500 some amount of protein remains in a free (unreacted) state.

We note the presence of two phases in the process of reducing the amount of free
lysozyme (this is an inverse relationship with the amount of lysozyme that has entered
into interaction). The first phase is associated with its sharp decrease, is in the range
of ratios up to 1:50. In the second phase, after the ratio of lysozyme:metal = 1:50, the
decrease in the percentage of unreacted lysozyme slows down (Fig. 2).

This can be explained by the fact that part of the free lysozyme is in solution in
native, and some in denatured form, which does not take part in the interaction with
metals. The introduction of surfactants activates the interaction of lysozyme with metal
atoms due to the partial transition of the protein from the denatured to the native state and
the simultaneous slowing down of its denaturation under the influence of metal atoms
(stabilization effect) [17, 18].

Wehave analyzed the change in the relative number ofmetal atoms in the composition
of stoichiometric complexes. In this case, we did not statistically take into account
unreacted lysozyme, as was taken into account in the curves in Fig. 1. It is shown that
at the maximum ratio of lysozyme:metal = 1:250, the relative number of copper atoms
bound into complexes reaches 1.81 versus 1.73 for zinc. However, when DCM is added,
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in the case of copper, this average number drops to a value of 1.65, and in the case of
zinc, on the contrary, it increases to 1.91.

As shown earlier, due to the interaction of lysozymewith copper [19], conformational
changes in the protein occur in the range of lysozyme:metal ratios between 1:50 and
1:250 and are accompanied by a knee on the interaction curve. In our case, approximately
in the same concentration range, a number of processes occur associated with a decrease
in the influence of the positive cooperative effect, a decrease in the drop in the relative
concentration of unreacted lysozyme, and the overall interaction of lysozyme with metal
atoms. The addition of DCM leads to a change in the range of ratios at which a positive
cooperative effect is observed without a significant change in the range of ratios at which
there is a sharp drop in the concentration of unreacted lysozyme. This indicates the ability
of DCM not only to promote lysozyme folding, but also to prevent a critical change in
protein conformation as a result of the denaturing effect of copper and zinc. This is
indirectly confirmed by our early results, which show that the presence of ethonium or
DCM surfactants in the medium contributes to the preservation of the enzymatic activity
of trypsin and chymotrypsin after their thermal denaturation [20].

4 Conclusion

Thus, the addition of DCMat concentrations corresponding to theDecasan® preparation
leads to a change in the physicochemical properties of lysozyme, namely, to an increase in
the number of zinc and copper atoms interactingwith it. In the case of copper, this increase
is achieved due to the advanced formation of complex 1:1 against the background of
a decrease in the maximum stoichiometric ratio and the average number of copper
atoms in the formed complexes. In the case of zinc, an increase in the formation of
complex 1:1 is also observed, but with an increase in the average number of zinc atoms
in stoichiometric complexes. We associate the increase in the involvement of lysozyme
in the process of complexation with the effect of DCM on the folding process and its
protective properties, which manifests itself in an increase in the resistance of lysozyme
to changes in conformation as a result of interaction with metals. It is likely that different
functional groups choose Cu (II) and Zn (II) as sites of interaction, so the nature of the
change in conformation and the overall response of the system is different.
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Abstract. Diamond is among the best solid-state dosimeters for measuring ion-
ising radiation. Diamond nanoparticles (DNPs) could be used to estimate doses
at nanovolumes, which is desirable for determining ionising radiation absorption
by a single structural nanounit of DNA. However, there is no research aimed
at verifying the possibility of exploiting DNP for nanodosimetry. To measure a
DNP response to radiation, weak electron emission spectroscopy could be applied.
This article is based on understanding diamond nanoparticles’ electron emission
behaviour. First, it’s necessary to understand their electron emission without any
type of radiation, then compare the results to the nanoparticles with the radiation
treatment. For the photoemission (PE) technique, diamond nanoparticles are irra-
diated by UV photons to promote photoelectron emission, which has an energy
of 4.0–6.0 eV, showing a proportional response of the emitted electrons to the
increasing amount of radiation. It was found out that the PE signals reach an
energy maximum between 5.2 eV and 5.9 eV; furthermore, the photothermal-
stimulated emission (PTSE) highlights that the diamond nanoparticles reach their
energy maximum value around a temperature of 530 to 570 °C. Concluding with
a comparison between the PE and PTSE data and the electron-radiated diamond
nanoparticles with a dose of 20 Gy, 40 Gy, 60 Gy, 80 Gy and 100 Gy, used for
clinical purposes, it was found out that the diamond nanoparticles have similar
signals to the PE and PTSE, which suggests that the diamond nanoparticles could
have the potential to be used as a nano-dosimeter.

Keywords: diamond nanoparticles · photoemission (PE) ·
photothermalstimulated emission (PTSE) · electron radiation

1 Introduction

Individual monitoring of exposure to ionising radiation is a vital subject for anyone
working with radioactive materials and has been an active field of research and develop-
ment for well over a hundred years [1]. The first generation of such individualmonitoring
devices (dosimeters)weremacroscale devices,which allowed for the detection and quan-
tification of ionising radiation that came within the detection volume of the dosimeter
[2]. However, radiation absorption is medium-dependent, i.e., the dose delivered to some
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object after its exposure to ionising radiation depends on the composition of that object.
If the objects’ composition is non-uniform or spatially anisotropic, with each compo-
nent having its own mass attenuation coefficient, then the use of large-volume external
dosimeters will not reflect the actual dose absorbed by the object. This is especially
important for biological organisms, which are inherently non-uniform and anisotropic
in their composition on multiple scales. Furthermore, when high-energy particles enter
an object, they begin to scatter, losing energy in the process and generating new lower-
energy particles that behave much in the same way until there is no more kinetic energy
to lose [3]. This creates not a single site of exposure but rather an affected volume with
each of its unit volumes receiving a different dose. Thus, to account for this as well as to
be able to see the spatial distribution of incident radiation, a different, more refined app-
roach to dosimetry was required. As a response to this need, microdosimetry emerged
as a subfield of dosimetry. It studies the distribution of energy deposition in microscopic
volumes [4, 5], starting with the work of Rossi et al. in the 1950s [6], where the pos-
sible difference between the macroscopic absorbed dose and the energy deposition in
microscopic structures was first considered. Since then, microdosimetry has matured
and now has a wide range of approaches for measuring the dose of absorbed ionising
radiation at the microscale [5, 7]. Generally, there are two types of devices used for
microdosimetry: gas-based and solid-state [8, 9]. The latter type is represented mainly
by silicon-based [10] and diamond-based [11, 12] detectors, of which diamond is the
superior option primarily due to its better tissue equivalence [13]. One of the mecha-
nisms through which ionising radiation causes irreparable damage to the cell is through
the introduction of double strand breaks (DSBs) into the structure of its DNA [14]. The
incident ionising radiation then becomes absorbed by the cell. DSB events occur on the
nanoscale since a region of missing DNA about 50 base pairs large (~15 nm) is already
considered substantial damage [15]. It is obvious that the detection of such DSB events
induced by ionising radiation can be realised only by using exposure sensors of com-
parable size. Thus, further refinement of the dosimeter resolution becomes necessary,
and the new field of nanodosimetry begins to emerge [16]. A possible candidate for the
role of such a sensor is nanodiamonds (NDs). The large band gap energy of diamond,
the presence of nitrogen-vacancy (NV) centres that can serve as electron trap sites, the
structural stability diamond exhibits when exposed to ionising radiation, and its good
tissue equivalence have made this material a mainstay in the field of microdosimetry
[17, 18]. These same properties are also exhibited by NDs [19, 20] with the added bonus
of their nanoscale nature, with the size of the particles being in the 4–10 nm range and
their much higher surface-to-volume ratio. However, while the exposure sensing side
of the problem can be solved by using NDs, there is still the issue of acquiring a signal
from the sensor, i.e., an effective mechanism for determining the dose delivered to the
nanoscale sensor during its exposure to ionising radiation is missing. Diamond-based
microdosimeters use an array of either metal-insulator-metal, diode, or field emission
transistor-type structures [21] for charge detection. This approach is not practical for
nanoscale detectors because of two reasons:

1. Placing the NDs into a nanoscale array like the one used at the microscale is at this
point impractical since each particle would need to have a dedicated reading device
attached to it, forming an array of immense size.
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2. The number of trapping sites within each ND particle could be too small to cause
any significant change in the electrical properties of the material, making detection
impossible using microscale approaches.

While the problem of getting a reading from each individual ND particle within
a practical timeframe at this point seems unsolvable, the problem of charge detection
sensitivity can be solved using exoelectron emission spectrometry or dosimetry [22]. In
this approach, the exoelectron emission is due to a heating process that can stimulate
the electrons from the superficial atoms to raise their energy until they reach a threshold
value, at which point they have enough energy to be emitted. To increase the amount of
emitted electrons, the implementation of a photon source can bring additional energy to
the surface without bringing any further risk to the electron detector. Therefore, in this
work, we are going to take into consideration the diamond nanoparticles’ photoemission
and exoemission characteristics and compare them to electron radiation, which can help
us understand if the diamond nanoparticles’ signals maintain their characteristics or not
after a radiation exposure.

2 Experiments

We considered sintetic diamond nanoparticles powder (140 nm raw DND−15 mV, Zeta
2.0% ash from Adams Nano), which were pressed with 5 bars of pressure using a mod-
ified mould and a hydraulic press to obtain a tablet with a height of less than 1 mm.
In this way, the tablets’ structures became more solid and easier to work with in terms
of exposition. The PE and PTSE measurements were taken using an exoelectron emis-
sion spectrophotometer at the BINI lab (biomedical and nanotechnology engineering
institute), which can handle both types of measurements: photostimulated and pho-
tothemalstimulated emission, working with a high pressure system of 6.58 × 10–6 atm;
instead, the radiation process took place at the Oncology Centre of Latvia, in which it
was used a linear accelerator “VARIAN TrueBeam”, and all the samples were irradiated
with an electron beam.

3 Methods

For this experiment, two types of samples were considered: common diamond nanopar-
ticles and irradiated diamond nanoparticles, for a total of twenty samples. To easily study
the diamond nanoparticles with the PE, PTSE and electron radiation techniques, it was
necessary to make the diamond nanoparticles powder into solid samples. The use of a
hydraulic press to obtain diamond nanoparticles tablets, which are easier to transport
than powder, permits a precise measurement for the PE and PTSE techniques. Once the
diamond nanoparticles tablets were ready, they were divided into two groups based on
the electron radiation; the one without electron radiation was taken into consideration
as a reference. The reference group did PE and PTSE irradiation using the exoelectron
emission spectrophotometer present in BINI’s laboratory, which can handle both PE and
PTSE techniques. Starting with the PE technique, it was considered a wavelength range
between 200 nm and 300 nmwith a corresponding energy of 4 eV to 6 eV; subsequently,
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it was considered the PTSE technique, in which it took into consideration a temperature
range between 50 °C and 580 °C. The second diamond nanoparticles tablets group were
first irradiated with an electron beam using the instrument “VARIAN TrueBeam” at the
Oncological Center of Latvia, which delivers energy of 6 meV at a dose rate of 600
MU/min, and the samples were exposed to different doses: 20 Gy, 40 Gy, 60 Gy, 80 Gy,
and 100 Gy, used for clinical purposes, and each irradiation was delivered only once for
each sample. The distance between samples and the source of the radiation was about
100 cm with a field of 10x10 cm, and to be sure to deliver the maximum amount of
energy, a bolus with a thickness of 1.5 cm was collocated over the samples, which were
covered by a paper towel to prevent any type of contamination from the bolus above
them; in addiction, a plate with a thickness of 2 cm was collocated under the samples to
prevent that the reflex ray from the patient bed hit the samples a second time, and after,
they also did PE and PTSE measurements to compare the results to the ones obtained
from the reference group.

4 Results and Discussion

4.1 Electrical Radiation Emission and PE

PE emission is based on the number of electrons emitted from the sample’s surface,
which will be proportional to the amount of energy delivered to it by the photons. In a
certain amount of time, this will generate a photoelectron current based on the number
of emitted electrons per second (Fig. 1).

Fig. 1. Photoelectron emission current signal after correction
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Fig. 2. Photoelectron emission spectra linear approximation for work function calculation

It was possible to study an approximation based on the signal obtained in Fig. 1,
which considers a useful range between 5,1 eV and 5,6 eV to work with to understand
the work function value. From Fig. 2, it is possible to see this approximation, which lets
us obtain the work function of the electron emission, taking into consideration the linear
approximation equation, making it possible to have the crossing value of the equation
with the X-axis. The work function for the number of emitted electrons is N= f(E), and
it could also be seen as a linear equation, y = ax + b [23, 24]. The aim is to obtain the
x value, then it could be possible to solve the linear equation from Fig. 2 with Eq. 1:

ϕ = EN=0 = 867, 75

167, 86
= 5, 17eV (1)

The value obtained from Eq. 1 suggests that the electron could be expelled when
its energy reaches an energy value of 5,17 eV, revealing that the emitted electron could
come from a forbidden zone or from the valence zone [23].

For this experiment, the following work functions of different samples were
compared (Table 1).

From Fig. 3, it’s possible to highlight that in the non-irradiated samples, there’s a
linear increment of the work function until it reaches an absorbed dose of 80 Gy; in
addition, during the analysis of the irradiated samples, it couldn’t be possible to find
out a regularity for their electron emission output. Analysing the data, it is possible to
find out that the electron emission is strictly related to the number of doses the diamond
received. To understand how the energy value increases due to the absorbed doses by
the diamond, their integral value must be studied.
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Table 1. Comparison of measurement value with and without electron radiation.

Dose
(Gy)

1.sample
(eV)

2.
Sample
(eV)

St.dev Average
before
radiation(eV)

1.
Sample
(eV)

2.
Sample
(eV)

St.dev Average after
radiation(eV)

Pre – post
average
radiation

20 4,95 4,95 0 4,95 5,05 5,09 0,02828 5,07 −0,12

40 4,93 5,03 0,070711 4,98 4,99 5,07 0,05657 5,03 −0,05

60 5,01 5,03 0,014142 5,02 5,01 5,11 0,07071 5,06 −0,04

80 5,09 5,13 0,028284 5,11 5,11 5,07 0,02828 5,09 0,02

100 4,99 5,01 0,014142 5 5,03 5,11 0,05657 5,07 −0,07

Fig. 3. Representation of the measurements took with (orange) and without (blue) electron
radiation.

4.2 Electron Radiation Emission and PTSE

The exoelectron emission was measured only after the electrical radiation and compared
with all samples with their different absorb doses. From Fig. 4, it is possible to highlight
a specific temperature range between 530 °C and 570 °C, in which each sample had an
emission signal peak.

Subsequently, the exoelectron emission signals were analysed directly between
530 °C and 570 °C. It is possible to highlight the emission peak, Fig. 5 and Fig. 6,
for each sample based on the number and temperature of the exoelectron in which the
emission occurred.

FromFig. 7 and Fig. 4 it is possible to highlight the diamond’s exoelectrons emission,
which changes along with the temperature of 200 °C, 450 °C and 550 °C. This event
could be related to the crystal structures of the diamond; furthermore, from the PTSE
analysis of electron irradiated diamond, only the samples’ emission with a dose of 60 Gy
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Fig. 4. Maximum value of the diamond exoelectron emission, due to the amount of absorbed
doses

Fig. 5. Current emission due to the different absorb doses and temperature.

has amaximumvalue high enough to be relevant, see Fig. 5 and Fig. 6. In this experiment,
diamonds are synthesised in a laboratory; they don’t have a perfect chemical structure, so
it is possible that the diamond could have some defects or vacancies. The most common
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Fig. 6. Maximum value of the diamond exoelectron emission focusing on the emission temper-
ature, due to the number of absorbed doses.

Fig. 7. Diamond’s exoelectron emission with different absorbed doses, heating interval 50 °C to
500 °C

vacancy is the carbon vacancy (VC), due to the large number of carbon atoms in the
structures, but this vacancy could be formed from a nitrogen vacancy (VN) or it can
come from an interstitial error; in this case, an additional atom will be located between
the atomic lattice. The electron irradiation promotes the formation of new vacancies,
in particular VC, which leads to the formation of a new complex between a nitrogen
atom and two carbon vacancies (1N-2VC). Diamond’s structures start to change during
the heating process, and at a temperature of 200 °C, the 1N-2VC starts to degenerate
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[25]. On the other hand, this process promotes the formation of a new complex species,
N-VC, with a promotion of the vacancy activity inside the forbidden zone at an energy
level of 2 eV and 2,4 eV from the valence zone [25]. When the heating process reaches
a temperature of 450 °C, the N-VC structure complex starts to degenerate, and at the
same time, it starts to promote the formation of a new vacancy complex, VC-VC, or 2VC
[25], which will collapse when the heating process reaches a temperature of 600 °C [25].
From Fig. 4 it is possible to notice each change previously described and highlight that
the maximum peak of the electron emission is around 530 °C and 570 °C, which are near
600 °C. Now it’s confirmed the presence of a transformation chain inside the diamond’s
chemical structures during the heating process; furthermore, the samples irradiated with
an absorbed dose of 60 Gy clearly show this chain transformation event, like in Fig. 5
and Fig. 6 having the highest emission value. To conclude, the 60 Gy dose could be
considered a limit, in which the diamond chemical structures present a transformation
of VC to 2VC instead of VC to 1N-2VC. This means that with a 60 Gy irradiation, the
concentration of 2VC inside the crystal lattice starts to increase, while in the meantime,
the 1N-2VC concentration starts to decrease.

5 Conclusion

The aim of this work is to demonstrate the possibility of using diamond nanoparticles
as dosimeters. We found out that:

• The photoemission highlights that diamond nanoparticles got a maximum peak at
5,6 eV. Studying the correlation between absorbed dose and the difference in working
output, it is possible to figure out that the PE got a linear increment starting from the
absorbed dose of 20 Gy to 80 Gy for the non-irradiated samples; for the irradiated
samples, it is not possible to find out this correlation between dose and working
output.

• The photothermal-stimulated emission spectra’s maximum peak is between the range
of 530 °C and 570 °C, with a rapidly increasing value at 450 °C. From the PTSE
results with irradiated samples, it is possible to highlight that only the sample with
an absorbed dose of 60 Gy results in a significant value; this increment could be
due to some process that causes an increasing emission of electrons from the local
state; instead, the other samples’ results have a minimum difference in the electron
emission’s value, and due to their presence in the deviation standard interval, they
ended up being meaningless.

• 60 Gy dose could be the limit over which it could be possible to obtain additional
vacancy formation due to the high value its signal reaches with the PTSE technique;
more precisely, this vacancy could be a double carbon vacancy (2VC), and the degra-
dation of the 1N-2VC complex could end up being the event that causes the increasing
amount of emitted electrons from diamond nanoparticles.

As a result, the diamond nanoparticles could be used in dosimetry techniques as
nanodosimeters.
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Abstract. Rare disease has become an emerging public health priority in the
European Union. The low prevalence leads to lack of knowledge and expertise
in diagnosing and treating these conditions. New approaches should be found to
identify, assess, and diagnose symptoms associated with rare disease. Neurofibro-
matosis type I, Fabry disease and Pseudoxanthoma elasticum are rare multi-organ
diseases with characteristic skin manifestations. In this study a skin imaging app-
roach previously used for skin cancer imagingwas used to assess skin lesions asso-
ciated with these rare diseases. The device combines diffuse reflectance imaging
with 526, 663 and 964 nm illumination and autofluorescence imagingwith 405 nm
excitation. Image pre-processing was done using MATLAB and ImageJ. Imag-
ing parameters were extracted using Python. The parameters were compared to
similar skin lesions which are not associated with disease. A multiparameter anal-
ysis was shown to differentiate lesions characteristic of Neurofibromatosis type I
from similar lesions, however, this approach was not as effective for differentiat-
ing Pseudoxanthoma elasticum plaques and Fabry disease induced angiokeratoma
from similar lesions.

Keywords: Multimodal Skin Imaging · Non-invasive Skin Imaging · Rare
Disease Diagnostics

1 Introduction

In the European Union there are 6172 diseases that qualify as rare – their prevalence is
less than 1 in 2000 people [1]. However, in total the affected population is estimated to be
from6 to 8%which is 27 to 36million people [2]. Due to their rarity a lot of these diseases
lack adequate diagnostic and treatment options which prolongs time to diagnosis. Some
of these diseases, such as Neurofibromatosis Type 1, Fabry disease andPseudoxanthoma
elasticum (PXE) are multi-organ diseases, however, they have characteristic cutaneous
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manifestations [3–5] which can be investigated with non-invasive skin imaging methods
for potential assessment.

A multispectral imaging approach combining diffuse reflectance imaging and aut-
ofluorescence imagingwas previously testedwith pigmented skin lesions [6]which could
also be used for assessing rare skin disease. To assess the images the imaging parameters
had to be compared to a comparison group of lesions which are similar in appearance
or morphology. For this purpose, a group of the most common dermatological lesions
for differentiation was found for each rare skin disease.

In the case of Fabry disease, themost prominent cutaneous manifestation are angiok-
eratomas which are vascular lesions. Angiomas are very common benign vascular skin
lesions which many people have. If there are not that many angiokeratomas present on a
patient with Fabry disease, they may be misdiagnosed as angiomas [7]. Therefore, this
group of lesions was chosen for comparison.

In the case of PXE, calcified plaques are formed in large patches on the skin. Such
plaques cause changes in the elastic fibers of the skin’s extracellular matrix. The most
common type of skin change that is comparable to this kind of influence are changes
in the skin’s structure due to chronic sun exposure [8]. However, if PXE is still in early
stages and the change is less pronounced, it may be missed completely due its similarity
to normal skin. Therefore, for comparison, skin damaged by the sun’s UV radiation and
healthy skin was chosen.

In the case of Neurofibromatosis type I, there are two main types of cutaneous
manifestations – pigmented café-au-lait macules and dermal and intradermal neurofi-
bromas. For neurofibromas similar common lesions are dermatofibromas, intradermal
nevus and sometimes, junctional nevus [9]. For café-au-lait macules the most similar are
the common pigmented skin lesions – junctional melanocytic nevus and lentigo solaris
[10].

Currently the main way to examine skin lesions associated with rare diseases is
dermoscopy [7, 11, 12] which also requires high expertise of the dermatologist. The
problem is that for all three previously described rare diseases there are usually not
many lesions present at the early stages of disease. Due to their similarity to common
skin lesions, they may also be missed both by the patient and a doctor unless additional
symptoms are already present.

The goal of this study is to process multispectral images of rare skin disease asso-
ciated lesions and common skin lesions that are similar to them, and to find multipara-
metric combinations where a rare skin disease can potentially be differentiated from the
common skin lesions similar to it.

2 Methodology

2.1 Patient Examination

Patients with rare diseases were contacted by Rare disease cabinet of Pauls Stradins
Clinical University Hospital and Department of Dermatology, Venerology and Derma-
tooncology of SammelweisUniversity, Hungary. Theywere examined by dermatologists
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at the Sammelweis University Dermatology clinic and Health Center 4, Riga. The der-
matologists identified locations of lesions associated with Fabry disease, PXE and Neu-
rofibromatosis type I and examined the lesions with dermoscopy. All involved patients
were informed about the study and signed a consent form.

Table 1 summarizes the number of patients and measurements taken of each lesion
group.

Table 1. Number of patients (Npt) and measurements (nm) for each lesion group

Lesion associated with rare
disease

Differential groups

Neurofibroma Café-au-lait
macule

Dermato-fibroma Intradermal
nevus

Junctional
nevus

Lentigo
solaris

Npt 5 13 4 71 13

nm 65 25 16 4 143 17

Fabry disease induced
angiokeratoma

Angioma

Npt 5 30

nm 52 57

PXE Healthy skin Skin changes due to chronic sun
exposure

Npt 4 72 17

nm 55 133 29

2.2 Experimental Setup

Themultispectral imaging device used for measurements consists of four sets of narrow-
band LEDs – 526 nm, 663 nm and 964 nm for diffuse reflectance imaging and 405 nm
LEDs filtered through a 515 nm long-pass filter for autofluorescence imaging; an IDS
5 megapixel CMOS camera Raspberry Pi module for data processing; a 4G cellular
modem for data transmission to a cloud server. A linear polarizer over LEDs as well as
another one perpendicularly over the camera lens helps reduce the effects of specular
reflections. The components of the device are encased in a 3D printed shell. The position
of the opening of the shell and the LEDs also ensures a fixed distance between the skin
being imaged and the camera objective.

The CMOS camera takes RGB images which are sent through the cloud server for
further processing. A black sticker was used as a marker for later stabilization of images.

Examples of rare disease multispectral images captured with the multispectral
imaging device can be seen in Fig. 1.
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G (526nm) R (663 nm) IR (964 nm) AF (405 nm)

Neuro-
fibromatosis 
type I

Fabry disease

PXE

Fig. 1. Examples for rare skin disease lesion multispectral images – neurofibroma of Neurofibro-
matosis type I; angiokeratoma induced by Fabry disease; PXE plaque.

2.3 Image Processing

Image processing was conducted using algorithms written in MATLAB and Python
programming languages. Data corrections were made using ImageJ.

UsingMATLAB, the RGB images were stabilized based on the position of the black
marker. If the motion artifacts were too large to compensate with stabilization, the data
was not used. The thresholding segmentation method was used to extract binary arrays
which contain information about the location of lesions in the image and the location of
the marker. If a binary array could not be created using thresholding or if the segments
were incomplete, they were created or edited using ImageJ.

Image parameter extractionwas done using Python. Themean,minimum,maximum,
standard deviation and variance of lesion area’s intensity could be extracted. Then, the
parameters were compared in groups to find the optimal combination for differentiating
relevant lesion groups.

3 Results

A large number of graphs were produced for analysis, however, not all of them were
informative so only the most relevant will be presented here.

The combinations of following parameters were shown to have the best differenti-
ation ability – the minimum 5% of the mean lesion area intensity in the 526 nm (G)
illumination (G(lesions) min 5%mean); the minimum 5% of the mean lesion area inten-
sity in the 663 nm (R) illumination (R(lesion) min 5% mean); the mean intensity of the
lesion area in the 663 nm (R) illumination (R(lesion) mean); the mean intensity of the
lesion area in the 964 nm (IR) illumination (IR(lesion) mean); This will be demonstrated
in the following graphs.

A comparison of Neurofibromatosis type I lesions café-au-lait macules and neurofi-
bromas and their differentiation groups are shown in Fig. 2. Included in the 2D graphs
are 95% confidence ellipses for each group of lesions.
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Fig. 2. 2D (a-c) and 3D (d) graphs showing Neurofibromatosis type I lesions and similar com-
mon lesions with parameters G(lesion) minimum 5% mean, R(lesion) minimum 5% mean and
IR(lesion) mean.

Neurofibromas show a larger dispersion of data points compared to café-au-lait
macules. With the multiparametric approach café-au-lait macules are visually very well
differentiated as can be seen in graphs (a) and (c). Neurofibromas, on the other hand,
showed some overlap with junctional nevus and small overlap with the other lesion
groups in all graphs.

A comparison of Fabry disease induced angiokeratoma and angiomas are shown in
Fig. 3. Included in the 2D graphs are 95% confidence ellipses for each group of lesions.

Compared to neurofibromatosis type I lesions there was no combination of parame-
ters that could differentiate angiokeratomas and angiomas completely. A part of angiok-
eratomas could be differentiated from angiomas in graphs (b) and (c). The vertical line
for angioma data at 0.00 seen in graphs (a) and (c) may also indicate that part of the
angioma images were underexposed when taking images at 663 nm illumination.
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Fig. 3. 2D (a-c) and 3D (d) graphs showing Fabry disease induced angiokeratoma and angiomas
with imaging parameters G(lesion) minimum 5% mean, R(lesion) minimum 5% mean and
IR(lesion) mean.

A comparison of PXE lesions and their differentiation groups are shown in Fig. 4.
Partial differentiation was visible in the combination between parameters G(lesion) min-
imum 5% mean, R(lesion) mean and R(lesion) minimum 5% mean. Included in the 2D
graphs are 95% confidence ellipses for each group.

While healthy skin and PXE are mostly differentiated, a part of sun damaged skin
data overlaps with PXE data in all planes.
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Fig. 4. 2D (a-c) and 3D (d) graphs showing PXE, skin damage due to chronic sun exposure (sun
damaged skin) and healthy skin with imaging parameters G(lesion) minimum 5%mean, R(lesion)
minimum 5% mean and IR(lesion) mean.

4 Discussion

Previous studies that have used the multispectral imaging method described here, have
focused on differentiating skin cancer from common skin lesions [13, 14]. Themain way
this was done was using quantitative analysis of imaging parameters. To differentiate
rare skin disease images, a similar approach using only single parameters was used but
this did not yield significant results.

The multiparametric approach to analyze multispectral images described in this
study had not been used before by our group when working with multispectral images
of neither common lesions, nor malignant skin lesions.
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5 Conclusions

The described study shows that there is potential in using a multiparametric approach
to differentiate rare skin disease lesions for similar common dermatological lesions.
The combination of parameters - minimum 5% of the mean lesion area intensity in the
526 nm (G) illumination (G(lesions) min 5% mean), the minimum 5% of the mean
lesion area intensity in the 663 nm (R) illumination (R(lesion) min 5% mean) and the
mean intensity of the lesion area in the 964 nm (IR) illumination (IR(lesion) mean) -
was shown differentiate neurofibromatosis type I lesions café-au-lait macules and neu-
rofibromas from similar common dermatological lesions – dermatofibromas, junctional
nevus, intradermal nevus and lentigo solaris.

For Fabry disease induced angiokeratomas more or different parameters could be
necessary for differentiation. Alternatively, theymay have very similar optical properties
with their comparison groups and therefore this may not be the appropriate method for
their differentiation. The 0.00 values that appear for angioma data may indicate that part
of the images were underexposed in 663 nm illumination or it might. For further analysis
these undexposed values have to be filtered out or if a large part of the imaged lesion is
affected, the whole measurement should be filtered out and new ones acquired instead.
If this is done, it could also potentially reveal a multiparametric combination that can
differentiate these two lesion groups.

For PXE the combination - minimum 5% of the mean lesion area intensity in the
526 nm (G) illumination (G(lesions) min 5%mean), theminimum 5%of themean lesion
area intensity in the 663 nm (R) illumination (R(lesion) min 5% mean) and the mean
intensity of the lesion area in the 663 nm (R) illumination (R(lesion) mean) showed
potential of differentiation, however, there is some overlap with healthy skin values and
sun damaged skin values. This can be explained with the fact that for both sun damaged
skin images and PXE plaque images the measurement includes some healthy skin areas
as well which may not have been segmented from the affected skin. Therefore, for
differentiating this rare disease a mapping approach may be better.
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Abstract. Phenotypic resistance tests e.g., disc diffusion method require 16–24 h
to obtain the results, while the PCR tests provide only genotypic type of antibac-
terial resistance. New methods are needed to assess antibacterial resistance faster
than existingmethods, thus providing targeted pharmacological intervention at the
early stage of the disease, increasing a patient’s survival chances. Laser speckle
imaging technique allows tracking moving particles in optically inhomogeneous
media, allowing to observe the processes of changing the behavior of the sterile
zone. The choice and adaptation of a mathematical model describing changes in
the growth diameter of the sterile zone as a function of time and comparison with
experimental data will help to understand and describe the formation of the sterile
zone. The aim is to create processing algorithms for the obtained images to predict
the diameter at the end of the disc diffusion test from the diameter of the earliest
visible sterile zone.

Keywords: phenotypic antibacterial resistance · antibacterial resistance
estimation · laser speckle imaging · sub-pixel correlation analysis · image
processing · disc diffusion method

1 Introduction

Early identification of pathogen and its susceptibility to antibiotics can provide tar-
geted pharmacological intervention at the early stage of the disease, increasing a
patient’s survival chances. The issue has become relevant in the treatment of elderly
patients, immunosuppressed patients, and patients with secondary bacterial complica-
tions. Antibacterial therapy based on the results of laboratory tests, on the one hand,
helps to reduce patient mortality, and on the other hand, the spread of resistant bacteria
in the human and animal population. Phenotypic resistance tests such as disk diffusion
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and E-test require 16-24 hours to obtain the results [1], while the PCR tests provide
only genotypic type of antibacterial resistance. The development of new cost-effective
methods for evaluation of microbial activity to reduce detection time is a potential field
of research. The laser speckle imaging technique with sub-pixel correlation analysis
demonstrated promising results for the detection of sub - microbial activity [2, 3].

Laser speckle is an interference pattern produced by coherent light reflected from
an illuminated rough surface. If changes occur on the surface, a "boiling" effect is
created and will be detected. This method allows tracking moving particles in optically
inhomogeneous media [4]. In our study of the laser speckle imaging method, a laser
beam is scattered on a Petri dish where the test bacteria and antibiotic discs are located.
A sub-pixel correlation analysis allows detection of small changes in bacterial activity.

Our previous study has shown that this analysis allows us to determine the bacteria
growth after 3 hours from the beginning of activity [5]. Also, this analysis allowed us to
identify changes in the sterile zone radius and will allow predicting these changes sig-
nificantly earlier than the disk diffusion method which is recommended by the European
Committee on Antimicrobial susceptibility testing (EUCAST) [6].

Based on the results from experimentswith different bacteria that respond to different
antibiotics, using the laser speckle imaging technique with sub-pixel correlation analysis
it is possible to construct experimental curves for the growth of the diameter of the sterile
zone around the antibiotic as a function of time. This study compares the mathematical
model of growth of the diameter of the sterile zone with experimental results. This will
help to understand the behavior of the growth curves of the sterile zone and in the future
will allow us to predict the subsequent change in the diameter of the sterile zone based
on short-term experiments.

Experiments were performed at the Pauls Stradins Clinical University Hospital Joint
Laboratory on different bacteria and their corresponding antibiotics [7].

2 Methodology

2.1 The Experimental Setup

The laser speckles were generated by a 658 nm diode pumped solid state laser (output
power 60 mW). Images were captured with 20-s intervals by a CMOS camera (Fig. 1).
To read the inscriptions on the antibiotic discs, an RGB image was captured under white
LED illumination.

2.2 Microbial Strains and Cultivation Conditions

The clinical isolate of E. coli was chosen for the experiment. As an antibiotic, we
chose Ciprofloxacin disc (5 µg). To avoid artifacts, the experiments were performed in
a separate room, in an incubator at 37 °C. The suspension of the E. coli was made in
saline to the density of a 0.5 McFarland turbidity standard. Culturing on Petri dishes
was prepared according to an EUCAST standard procedure - bacteria were inoculated
on Mueller-Hinton agar and then antibiotic discs were placed on the surface [8].
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Fig. 1. Setup scheme for burst image capturing of bacteria growing process under 658 nm laser
and white LED illumination.

2.3 Laser Speckle Image Conversion to Time Signals

The images captured at 20 s intervals were processed by dividing the experimental field
into small sections of NxN pixels.

1) A two-dimensional normalized cross-correlationwas performed between consecutive
NxN image fragments throughout the experiment [9].

NCC(u, v) =
∑

x
∑

y((a(x, y) − a) ∗ (b(x − u, y − v) − b))
√∑

x
∑

y(a(x, y) − a)2 ∗ ∑
x
∑

y(b(x − u, y − v) − b)2
(1)

where a(x,y) and b(x,y) are two adjacent frames, a and b are the average values
of these two frames, u and v are spatial displacements between frames a(x,y) and
b(x,y) towards x and y, respectively.

2) The changes that occur between consecutive frames were found by the offset at the
location of the correlation peak. To find a more accurate value of the offset, the
interpolation was performed.

3) Offsets obtained between each pair of adjacent frames were accumulated, converting
into a time signal that can be analyzed.
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4) To avoid the influence of local transient spikes, a signal envelope within a certain
window was used [10].

Env[n] =
√

1

N

∑n

k=n−N+1
sig[k]2 (2)

where N is the length of the window, n is the current sample, k is the index running
inside the window. Accordingly, N – the length of the window – is responsible for
the degree of signal smoothing.

An increase of signal values will occur when there is an activity increase (due to
bacterial growth), and a decrease in signal occurs either due to nutrient depletion or due
to the antibiotics action.

3 Results

3.1 The Sterile Zone Analysis

A disc of the sterile zone forms around the antibiotic, changing over time. The signal
envelopes over each radius were averaged (Eq. 3), to avoid the influence of noise.

−
Env[r, n]=

⎡

⎣ 1

MR1

MR1∑

mR1=1

EnvmR1 [n], . . . ,
1

MRk

MRk∑

mRk=1

EnvmRk [n]

⎤

⎦ (3)

where MRk is the number of envelope signals at a given radius from the center.
A spatial-temporal behavior of the sterile zone can be obtained by putting all the

averaged signal envelopes for all radii together (Fig. 2). Consider the same bacterium: E.
coli, and the same antibiotic: Ciprofloxacin, but for two different cases: 1) the antibiotic is
placed immediately after the bacteria (almost simultaneously); 2) the antibiotic is placed
4.3 h after the bacteria. Our previous work describes this situation [11]. The sterile zone
can be observed only at certain bacterial activity. 4 h after inoculation the bacteria have
grown to a sufficient concentration to demonstrate a signal frombacterial activity. Putting
of antibiotic discs 4–5 h after bacterial inoculation allows us to immediately observe the
formation of the sterile zone (case 2). Otherwise, the sterile zone will be observed only
3–5 h after the start of the experiment (case 1).

3.2 Mathematical Model of the Sterile Zone Size Changing

The agar diffusion analysis - a method for assessing the ability of antibiotics to inhibit
bacterial growth. The minimum inhibitory concentration (MIC) in solid media is usually
determined using the agar diffusion technique [12]. Antibiotic diffusion into the agarose
medium leads to inhibition of bacterial growth and to the formation of sterile zones. The
diameter of sterile zones increases with increasing antibiotic concentration. It is possible
to obtain a model of sterile zone radius growth as a function of time [13]. The radius of
sterile zone is proportional to the root square of the difference between natural logarithm
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Fig. 2. The growth of E. coli around the Ciprofloxacin disc (5 µg). Spatial-temporal changes of
the sterile zone. 1) The antibiotic is placed immediately after the bacteria (top). 2) The antibiotic
is placed 4.3 h after the bacteria (bottom).

of the antibiotic concentration c, and natural logarithm of the MIC, multiplied by the
diffusion coefficient and the time of antibiotic diffusion (Eq. 4).

r = 2
√
4D(ln(c) − ln(MIC)) · t (4)

where c is antibiotic concentration, andD is the diffusion coefficient received fromFick’s
second law of diffusion [14] (Eq. 5).

∂c(x, t)

∂t
= D

∂2c(x, t)

∂x2
(5)

Fick called this coefficient: “a constant dependent upon the nature of the substances.”
Parameter c(x,t) describes the dependence of antibiotic concentration on time and on
distance from the source. This approach has been applied to studies of two-dimensional
diffusion of dyes and antibiotics, most notably penicillin [15], where it was assumed
that D is independent of concentration. A newer study, such as [13] for agar diffusion
assay of antibiotics to inhibit bacterial growth, also based on these formulas and on
the assumption that D is independent of concentration. Then the authors consider the
loss of antibiotics during diffusion and provide higher accuracy of the MIC which was
determined by the proposed new dissipative diffusion models for several antibiotics.

Thus, using thismodel, we have three unknowns:MIC,D, and c. Their total influence
in the formula can be replaced by one constant (in which it is also worth adding the
number 4). Thus, a simple relationship is obtained between the radius of the sterile zone
and time (Eq. 6).

r = 2
√
const · t (6)
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Having obtained the experimental curves, it is possible to choose the parameter of
this constant, at which it will be as close as possible to the model. Then compare how
much in this case the shape of the experimental curves corresponds to the shape of the
curves from the model.

To compare the change in the theoretical and experimental growth curves of the
sterile zone, several different bacterial species were used that reacted to different types
of antibiotics. The results are presented in Fig. 3.

Fig. 3. Spatio-temporal curves for experimental data and model for E. coli around the
Ciprofloxacin disc (5 µg).

4 Conclusions

In the current study, the ability of finding experimental growth curves of sterile zones
using sub-pixel correlation analysis of laser speckle images was demonstrated.

The accuracy of the proposed mathematical model of growth curves for sterile zones
has been verified in comparison with experimentally obtained curves (using sub-pixel
correlation analysis of laser speckle images). The approximation, fitted to our case,
describes well the experimental curves obtained. For each sensitive bacterium, to deter-
mine the radius of the sterile zone early, these curves will be different, and it is necessary
to find the set of parameters for each bacterium against each antibiotic. In the case of
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resistant bacteria, these curves might be unpredictable and then approximations will not
work here.

Thus, the effort put into the determination of these parameters will contribute to
the development of an algorithm that allows predicting the change in diameter of the
sterile zone around the antibiotic disk much earlier than using the standard disk diffusion
method.

Acknowledgements. This work has been supported by the European Regional Development
Fund project “Rapid assessment system of antibacterial resistance for patients with secondary
bacterial infections” (No. 1.1.1.1/21/A/034).
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Abstract. Stereovision, the ability to perceive depth and spatial relationships
using both eyes, is critical for human visual perception and navigation. However,
some individuals have trouble detecting disparities in the images received by each
eye, leading to stereoanomaly. Current methods for assessing stereovision dispar-
ities have limitations and may not provide precise and dependable measures. To
address this need, we developed a stereovision test based on global random dot
and anaglyph principles, incorporating a staircase method to evaluate stereovision
thresholds quickly. The test can be repeated as many times as necessary, with each
subsequent set being distinct from the preceding set, allowing for simultaneous
assessment of crossed and uncrossed disparities. In a pilot study of 55 partici-
pants, we observed that subjects encountered difficulty in perceiving the stimuli
with a stimulus presentation time of 200ms, and 42% experienced single disparity
stereoanomaly. Our newly developed stereovision test overcomes some of the lim-
itations of current methods and provides a more precise and dependable approach
for assessing crossed and uncrossed disparities. By delivering more accurate and
reliable measures of stereovision, this test could have significant implications for
various fields, including visual neuroscience, clinical assessment of vision disor-
ders, and the development of new visual technologies. The results of this study
contribute to the advancement of stereovision assessment and pave the way for
future research in this area.

Keywords: Anaglyph · Crossed Disparity · Diagnostics · Stereoacuity ·
Stereoanomaly · Uncrossed Disparity

1 Introduction

Stereovision, which is the ability to neurologically integrate and fuse two horizontally
disparate retinal images to produce a sense of depth, is critical for navigating the world,
judging distances, and interacting with objects in our environment with precision and
accuracy. However, poor stereoacuity can pose significant challenges in various aspects
of life, such as hindering learning in children [1], impairing a driver’s ability to gauge
distances between their car and other objects [2, 3], and compromising accurate depth
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perception in sports [4], such as determining the distance to a basketball hoop or home
plate, judging the flight of a ball, or assessing the movement of players. Moreover,
stereovision is essential for performing everyday tasks safely [5], such as crossing a
busy street or walking downstairs without the risk of misjudgement.

When binocularity is disrupted during early life due to conditions such as strabis-
mus [6], anisometropia [7, 8], or monocular opacity [9, 10], it can result in compromised
vision in the affected eye and loss of stereopsis, which can disrupt hand-eye coordination
and greatly impact self-esteem, lifestyle, and career choices. However, some individ-
uals may have trouble in detecting either crossed or uncrossed disparities, which are
differences in the images received by each eye, a problem referred to as stereoanomaly.
Richards was among the first scientists to research stereoanomaly and found that 30%
of people have this condition [11]. Patterson and Fox [12] found that anomalies in stere-
opsis could be influenced by brief exposure time (<100 ms) rather than a real lack of
neural mechanisms responsible for stereopsis. They reported an incidence of 4% for
stereo-blindness.

Stereoscopic depth perception can be achieved through small retinal disparities that
can be fused to create a single image (fine stereopsis), butmore reliable depth information
is often obtained through larger disparities that result in double vision (coarse stereopsis)
[13]. Theprecise functionof coarse stereopsis is not yet fully understood, but itmayplay a
critical role in guiding vergence eyemovements that are necessary for the development of
fine stereopsis, particularly during early stages of visual development. It can be assessed
through various clinical stereotests, such as polarized stimuli, anaglyph stimuli, random
dot stimuli, and real-world stimuli [14], with most of them used solely for assessing
crossed disparity – the perceived stereoscopic image appear before reference plane.

To accurately assess stereoacuity, it is important to use a test that does not include any
monocular cues, which could enable observers to complete the test without relying on
stereovision. Examples of monocular cues include occlusion, texture gradient, relative
size, and motion parallax [15]. There are several clinical stereotests, such as the Randot,
Frisby, TNO, Lang, and Random-Dot E tests, which aim to eliminate these monocular
depth cues by using global random-element stereograms developed by Julesz [16]. These
tests require the subject to detect a target that is perfectly camouflaged in the monocular
images and can only be detected through stereopsis.

Despite efforts to eliminate monocular cues in these tests, the presence of monocular
artifacts remains a potential issue, and caution must be taken during the administration
of the test to ensure that only stereovision is used. Additionally, accurately measuring
stereoacuity is still a complex and challenging task, and more research is needed to
develop reliable and precise methods for assessing stereovision disparities. By address-
ing these challenges, the development of new and improved stereovision tests could
have significant implications for various fields, including visual neuroscience, clinical
assessment of vision disorders, and the development of new visual technologies.

The aim of this study is to develop a new test that can accurately assess crossed
and uncrossed disparity for global stereopsis by varying parameters, such as random dot
size, exposure time, random dot density, coarse and fine disparities.
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2 Method

Participants
In this study, we recruited 55 adult participants with normal or corrected-to-normal
(0.00 logMAR or better) binocular vision. Prior to the experimental measurements,
all participants underwent a stereo vision assessment using the clinical TNO test, which
assesses crossed disparity. The participants consisted of both students and staffmembers,
with an age range of 19 to 42 years old. The research protocol adhered to the principles
outlined in the Declaration of Helsinki and was approved by the ethics committee of the
University of Latvia (No. 13/03/2020).

Stimuli
The global stereovision test (GST) was developed using the principles of anaglyph and
random dot stereograms, and was presented on a computer screen. The background
of the stereotest was grey with an RGB value of 170, 170, 170, and a brightness of
23.5 cd/m2 (SD = 0.6). The average brightness of the red dots (with an RGB range of
180–183 (varied by subjects) 0, 0) was up to 6.7 cd/m2 (SD = 0.3), while the cyan dots
(with an RGB range of 0, 172–175, 171–175) had a brightness of up to 19.8 cd/m2 (SD
= 0.9). The room illumination was 456 lx (SD = 29). The stereo threshold evaluation
was affected by the pixel size of the computer screen, which was 0.21 mm. To ensure
a minimum stereo threshold of approximately 43 arcseconds, the screen was positioned
at a distance of 1 m from the participant. The stimulus presented on the screen consisted
of a square with a circle inside, with a diameter of 2.77° and a background size of 3.34°
(see Fig. 1 a,b). The stimulus size was similar to that of the TNO circle with the cut-out.
The density of the random dots used was 25%, and the size of each random dot was a
2x2 pixel matrix to ensure that the stereogram could be viewed from a distance of 1 m.
However, it should be noted that the size of the random dot used in this test was smaller
than that used in the original TNO test.

(a) (b) (c)

Fig. 1. Stimuli of the global stereovision test (GST) – appeared ring in front of the screen (a),
behind the screen (b). The presentation of stereovision test sets (c).

The GST employed a staircase method for presenting the stereo stimulus, which
means that the level of difficulty of the test is adapted to the subject’s responses. Specifi-
cally, after three correct responses, the offset or depth of the stereo stimulus was reduced,
making it more challenging to discriminate between the stimuli. Conversely, after two
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incorrect responses, the offset or depth was increased, making it easier to distinguish
between the stimuli. The maximum stereo depth was limited to 1078 arcseconds to
reduce test time. Two sets of stimuli were presented with different time limits, 200 ms
and 5000 ms or 5 s, respectively. If the subject was unable to view the stereogram within
5 s, the test result was recorded as an incorrect response. Each time set was repeated three
times to obtain a more reliable measure of the subject’s stereo threshold. The order of
presentation of crossed, uncrossed, and zero disparity stimuli was randomized to avoid
any learning effects or biases (see Fig. 1 c).

Data Analysis
The statistical analysis of the results was performed using GraphPad Prism 7.0. The
D’Agostino-Pearson was applied, and it was determined that the data did not follow
a normal distribution. Consequently, the non-parametric Mann-Whitney and Wilcoxon
matched pairs signed rank tests were used to compare the stereoacuity determined by
TNOandGST, themeans of interdependent samples in both the limited and unlimited test
group, as well as the crossed and uncrossed disparity group.Pearson correlation analysis
and its associated confidence test were employed to investigate the correlation between
response time and both crossed and uncrossed disparity. These statistical methods were
chosen to ensure a rigorous and appropriate analysis of the obtained data.

3 Results

The Comparison Between the Clinical TNO Test and the GST
When administering the global stereovision test in two sets of tests, namely the “Lim-
ited” (200 ms) and “Unlimited” (5000 ms), with each set repeated three times, it was
discovered that 42% of participants experienced difficulty with the Limited test at the
uncrossed disparity. Specifically, they were unable to perceive the stereovision stimu-
lus in all three repetitions or only saw it in two out of three repetitions. However, all
participants were found to possess stereovision based on clinical assessment with the
TNO test, which tests for crossed disparity, with eight of them exhibiting at least coarse
stereovision (>480 arcsec). Only seven participants, or 13%, were unable to perceive
the uncrossed stereovision stimulus during the Unlimited test. Furthermore, the mean
crossed stereoacuity determined by the TNO and GST tests did not exhibit any signifi-
cant difference (U = 1214, p = 0.48), being 96 arc sec (SD = 65) and 132 arc sec (SD
= 202), respectively.

The Assessment of Crossed and Uncrossed Disparity Stereovision Threshold
To evaluate the stereo threshold, we included data only from participants who com-
pleted both crossed and uncrossed disparity measurements using the global stereovision
test (GST) (see Fig. 2). Therefore, the number of measurements analyzed varied, as
some participants struggled to detect the stereostimulus under the conditions of lim-
ited test time and uncrossed disparity. In the limited time condition, not all participants
could identify the stereostimulus. However, with more time, participants’ performance
improved, resulting in better stereoacuity.
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The Assessment of Response Time
The stereovision test affords the manipulation of stimulus timing, and records the
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Fig. 2. In case of the limited presentation time of stereovision stimuli, the stereo thresholds are
statistically different (a), n= 32. When the stimuli are presented longer time and subject can look
at it longer, then there is no see statistically different stereo thresholds values between crossed and
uncrossed disparity (b), n = 48. The average value and standard errors are shown, ns – p-value is
more than 0.05 and *** – p < 0.0001.

Fig. 3. The correlations between crossed (a) or uncrossed disparity (b) and response time were
calculated only for correct answers. The average value and standard errors are shown. The Person
correlation coefficient was found to be statistically significant, *** – p < 0.0001.

response time fromstimulus presentation to participant key-press. Response time enables
comparison of the perception of crossed and uncrossed disparity images, determining
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their speed of perception and their relative position in relation to the screen plane (see
Fig. 3). The presentation of stimuli for only 200ms allowed assessment of the detectabil-
ity of stereoanomalies using this test. In our study, we observed a 42% rate of detection
for uncrossed disparity in stereo image processing and perception using the limited test.
Conversely, the unlimited test enabled us to evaluate the speed of processes occurring
in each of the stereoacoustic processing channels.

On average, each administration of the stereovision test, which assessed both crossed
and uncrossed disparity conditions, took approximately 55 s (SD = 26) for participants
to complete. Interestingly, the data indicated that participants were able to detect the
uncrossed disparity stimuli faster than the crossed disparity images.

4 Discussion and Conclusion

The use of stereovision tests is crucial for assessing stereoacuity, but these tests can be
categorized into local and global stereovision tests. Local stereovision tests incorporate
monocular cues that may lead to incorrect conclusions by vision specialists if the subject
is not seeing the stereo image and instead focusing on the divergent image. In contrast,
global stereovision tests lack monocular cues and can be more challenging to see, espe-
cially when viewed for the first time [17]. It is believed that global stereovision tests do
not solely assess global stereovision, as the subject must also integrate the conditional
contour of the image by matching similar dots.

The global stereovision test developed by the authors allows for the adjustment of
various parameters, such as the size of the random dot, the dot density, the algorithm of
the staircase method, the stimulus display time, the stimulus size, and the stereogram
size. Additionally, the colours of the respective filters can be adjusted to separate the
images of the two eyes. As technology advances and pixel sizes of screens decrease,
computer-based tests will become increasingly prevalent for assessing the quality of
stereovision.

Different principles of stereoacuity assessment may yield varying results for the
same individual [18, 19], highlighting the importance of understanding the advantages
and disadvantages of each method. It is also essential to recognize the factors that may
impact the quality of stereo vision, including test parameters, internal factors in the
individual, and external factors.

In clinical practice, it is important to consider that stereo acuity can decline when one
eye’s defocus is 0.50D,while visual acuitymay remain intact or only slightly diminished.
Monocular defocus or blurring can have amore significant impact on stereo vision quality
than binocular defocus [7, 10, 20–23]. This knowledge is valuable in prescribing vision
correction and recommending monocorrection or presbyopia-specific contact lenses to
patients.

An unanswered question is why stereoacuity assessments performed by clinical
stereoacuity tests using test plates yields better results than on computer screens [24]. In
our study, the use of colour filters in the anaglyph method may have hindered accurate
stereoacuity assessment [25]. One possible explanation for this discrepancy could be the
absence of blue whiskers in the central retina, suggesting that stereoacuity may be worse
with red-green stimuli [26, 27]. However, it is also plausible that the size of the random
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dotmay influence stereopsis quality [28]. In our pilot study, the randomdot’s angular size
was smaller than that of the TNO test due to the test’s greater distance. Future studies will
examine how test distance, dot size, dot density, stimulus size, and stimulus shape affect
stereopsis quality. Since stereopsis quality can improve with repeated testing [29], it is
crucial that tests can modify the disparity, shape parameters, and stimulus appearance.
Our developed test allows for suchmodifications, making it useful not only for stereopsis
assessment but also for training.

To assess stereovision threshold accurately, it is necessary to use computerized tests
that can adjust the parameters of the stimuli and present them multiple times while
ensuring that the stimuli are not remembered by the subject. Additionally, it is crucial
to consider the principles of test design and the factors that affect the assessment of
stereovision quality. In the near future, it is expected that tests based on smart deviceswill
become more prevalent, and specialists will be able to use advanced algorithms to adjust
the stimulus parameters and minimize their impact on the assessment of stereoacuity.
By leveraging technology and advanced methodologies, we can improve the accuracy
and reliability of stereo vision tests and pave the way for better diagnosis and treatment
of vision disorders.
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Abstract. Thiswork aimed tomeasure and comparemacular thickness in Latvian
childrenwith refractive and anisometropic amblyopia and control group eyes using
optical coherence tomography (OCT) and to define OCT as a diagnostic tool.
In Latvia, it’s still a problem that amblyopia is diagnosed later when the part
of the brain responsible for visual perception is already mature and cannot be
treated completely. This is due to the lack of strict monitoring of mandatory eye
examinations and the fact that assessing the posterior part of the eye (especially
the macula) isn’t part of every child’s visit. A total of 85 patients aged 3–9 years
(51.8% female subjects) were studied, of whom 20 had refractive amblyopia,
24 had anisometropic amblyopia, and 41 children had normal visual acuity in
both eyes and were considered the control group. The macular thickness was
measured by OCT in the centre (foveola), 1 mm ring (fovea), 3 mm and 6 mm
rings and compared. Comparing the amblyopic eyes with healthy eyes of the same
children, there were no statistically significant differences in macular thickness
in the central part, 1 mm ring and 3 mm ring. In comparison, in the inferior part
of the 6 mm ring, the macular thickness was lower in the amblyopic than in the
healthy eyes. Comparison of macular thickness in the centre of 1 mm, 3 mm, and
6 mm ring amblyopic and control eyes showed no significant difference. Further
studies with larger numbers of refractive and anisometropic amblyopia cases are
recommended.

Keywords: Amblyopia · Optical coherent tomography ·Macular thickness ·
Refractive amblyopia · Anisometropic amblyopia

1 Introduction

1.1 Amblyopia

Amblyopia is defined clinically as a decrease in visual acuity in one, or more often
in both eyes, in the absence of an apparent disorder or ocular disease. Amblyopia is
the leading cause of monocular vision loss in young and middle-aged people. If left
untreated, amblyopia can increase the risk of vision loss in the other eye [1]. Diagnosing
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amblyopia at a young age is very important because its treatment is more effective early
[2]. Children inLatvia have threemandatory vision examinations: at 13–24months, three
years and before school at 6–7 years. These examinations are defined by the Cabinet
of Ministers Regulation No. 555 (Minister of Cabinet Regulation No 555, 2019). The
assessment of the posterior part of the eye is often overlooked during a mandatory eye
examination. As part of this examination, optical coherence tomography is used.

1.2 Optical Coherence Tomography

Optical coherence tomography (OCT) is used to perform a non-contact, non-invasive and
precise examination of the posterior part of the eye assessment. This technique allows
eye care professionals to assess the fine details of the posterior segment of the eye at
the micron (µ) scale and to quantify subtle changes in macular thickness, thus enabling
objective monitoring of disease progression and the effectiveness of different therapies
for a variety of eye diseases, including in people with established amblyopia [3]. The
study of macular and RNFL changes in people with amblyopia remains an interesting
research topic due to the variability of published results [4–8] and the lack of an apparent
correlation between these changes and patient characteristics. In the present study, we
aimed to compare macular thickness in refractive and anisometropic amblyopic eyes of
Latvian children with fellow eyes and with a control group.

2 Materials and Methods

2.1 Ethical Consideration

All procedures followed the Declaration of Helsinki and were approved by the Ethics
Committee of the Experimental and Clinical Medicine Institute of the University of
Latvia.

2.2 Participants

A total of 85 potential study participants from the Eye Diseases Clinic of Children’s
Clinical University Hospital in Riga, Latvia, aged 3–9 years (the average age was 6
± 1 years; 51.8% female subjects) were recruited from 385 patients, of whom 20 had
refractive amblyopia, 24 had anisometropic amblyopia, and 41 children had normal
visual acuity in both eyes and were considered the control group. All participants were
generally and neurologically healthy. Visual acuity was converted from decimal units to
logMAR (logarithm of the minimum angle of resolution). A participant was classified
as having anisometropic amblyopia if there was a difference of at least 1.00 D in one of
the meridians. The spherical equivalent was used to analyse the refractive error, defined
as the sphere power plus half of the cylinder power. Table 1 shows the participants’
demographics and essential data for all patients.
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Table 1. Participants’ demographic data.

Characteristics Amblyopic children Control

Refractive Anisometropic

Number 20 24 41

Age (year) %

Mean ± SD 6 ± 1 6 ± 2 7 ± 1

Sex (%)

Male 11 (55.0) 9 (37.5) 21 (51.2)

Female 9 (45.0) 15 (62.5) 20 (48.8)

BCVA (logMAR)

AE X ± SD 0.40 ± 0.23 0.49 ± 0.32

FE X ± SD −0.10 ± 0.07 −0.12 ± 0.06 −0.12 ± 0.06

SE (D)

AE X ± SD 4.56 ± 3.06 3.67 ± 3.02

FE X ± SD 2.13 ± 2.98 2.12 ± 2.34 0.50 ± 2.12

Results are presented as mean± SD; SD, standart deviation; BCVA, best corrected visual acuity;
logMAR, logarithm of the minimum angle of resolution; AE, amblyopic eye; FE, fellow eye; SE,
spherical equivalent; D, diopter

2.3 Method

The OCT SPECTRALIS laser scanning camera (s/n Spec-CAM-14866-S2610, Hei-
delberg Engineering, Germany) was used in the experiment. Ophthalmologists and
optometrists previously measured macular thickness at the Children’s Clinical Uni-
versity Hospital (Table 2). Usually, five measurements are taken for each eye to obtain
accurate results. The OCT data for each selected patient was opened in Heidelberg Eye
Explorer to get the macular thickness data. The resulting macular thickness image is
then opened as a thickness map. A 6 mm ETDRS ring with nine regions assessed the
macular thickness. Three concentric rings of 1-, 3- and 6-mm diameter, internal and
external macular diameter, with outer concentric rings, each divided into four quadrants.

3 Results

Statistical analysis using paired T-test showed no statistically significant differences in
macular thickness in the central part, 1 mm ring and 3 mm ring (P > 0.05), while in the
inferior part of the 6 mm ring, the macular thickness was lower in the amblyopic eyes
than in the healthy eyes (P = 0.01) for the same participant. Comparison of macular
thickness in the center, 1-, 3-, and 6-mm ring in amblyopic and control eyes showed no
significant differences (P> 0.05) (Table 2). Central macular thickness was compared in
refractive and anisometropic amblyopic eyes. The data showed no significant differences
in macular thickness and were not statistically significant (P> 0.05) (Fig. 1). The 1 mm
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Table 2. Central, 1, 3, 6 mm ring macular thickness in children with amblyopia.

Amblyopic children Control Pa Pb

AE FE

CT (foveola) (µm) 225 ± 30 229 ± 28 222 ± 13 0.079 0.593

1 mm ring (µm) 263 ± 36 265 ± 34 269 ± 21 0.522 0.163

3 mm ring (µm)

Nasal 347 ± 20 352 ± 18 348 ± 18 0.090 0.982

Temporal 342 ± 19 342 ± 18 337 ± 18 0.990 0.652

(continued)

Table 2. (continued)

Amblyopic children Control Pa Pb

AE FE

Superior 348 ± 22 345 ± 20 353 ± 17 0.183 0.124

Inferior 332 ± 24 332 ± 21 352 ± 16 0.836 0.146

6 mm ring (µm)

Nasal 320 ± 24 319 ± 22 338 ± 21 0.898 0.540

Temporal 303 ± 29 314 ± 23 308 ± 17 0.409 0.218

Superior 335 ± 22 335 ± 18 324 ± 20 0.831 0.582

Inferior 301 ± 24 306 ± 24 309 ± 18 0.011* 0.310

Results are presented as mean± SD; SD, standart deviation; CT, central thickness; AE, amblyopic
eye; FE, fellow eye; P, probability; Pa, amblyopic eye and healthy eye of the same participant; Pb,
amblyopic eyes and control group eyes; *statistically significant

macular ring thickness is significantly greater in eyes with refractive amblyopia than in
eyes with anisometropic amblyopia. This difference is also statistically significant (P<

0.05) (Fig. 1).
In refractive amblyopia, there was no statistically significant difference in the central

macular thickness (P > 0.05) when comparing macular thickness between amblyopic
eyes andhealthy eyes of the samechildren orwhen comparingmacular thickness between
eyes with amblyopia and control eyes (Fig. 2).

Reaching the central macular thickness in amblyopic and healthy eyes of children
with anisometropic amblyopia showed a statistically significant difference betweenmac-
ular thicknesses (P= 0.05). A comparison ofmacular thickness in amblyopic and control
eyes showed that the difference was not statistically significant (P > 0.05) (Fig. 3).

It was interesting to compare the data between girls and boys. Hence, the same chil-
dren’s amblyopic eyes, the healthy ones, and the eyes of a control group were compared
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Fig. 1. Central and 1-mm ring macular thickness in eyes with refractive and anisometropic
amblyopia.

Fig. 2. Central macular thickness (foveola) in refractive amblyopia.

Fig. 3. Central macular thickness (foveola) in anisometropic amblyopia.

between boys and girls. Based on the statistical analysis, the macular thickness is sig-
nificantly lower in girls than in boys when comparing amblyopic, healthy and control
eyes (P < 0.05).

Five of the 44 amblyopic patients had OCT examinations before and after amblyopia
treatment. The mean age at diagnosis of amblyopia was 4 ± 1 years. All patients had
a refractive correction and occlusion of the healthy eye. The mean visual acuity in
amblyopic eyes before the treatment was 0.50 ± 0.23 logMAR. Visual acuity after
amblyopia therapy for amblyopic eyes was 0.15 ± 0.10 logMAR (P < 0.05). Macular
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thickness before and after treatment was compared in amblyopic and healthy eyes.
Statistical data analysis showed that macular thickness in amblyopic and healthy eyes
before treatment was not statistically different in all parts of the retina (P > 0.05). A
comparison of macular thickness in amblyopic eyes before and after treatment showed
that the thickness in the centre, 1 mm in the ring, 3 mm in the superior part of the
ring and 6 mm in the inferior part of the ring decreased after treatment. This difference
was considered statistically significant. A Bonferroni correction test showed that the
difference was statistically significant only in the macula’s centre and the 1 mm ring
(P < 0.01). Figure 4 shows the correlation between changes in visual acuity (logMAR
units) against changes in central macular thickness and 1 mm ring after treatment in
patients with amblyopia.

Fig. 4. Improvement in visual acuity (logMAR) and central macular thickness (left), 1 mm
macular ring thickness change (right).

There was no significant correlation between these two parameters after amblyopia
treatment (R2 = 0.2997; P = 0.34; R2 = 0.1696; P = 0.50).

4 Discussion

The presence of amblyopia in children can affect different levels of the visual pathway.
Some studies have found a correlation between amblyopic eye and cell apoptosis in the
lateral geniculate nucleus [9, 10]. However, the involvement of the retina, especially the
macula, in the development of amblyopia is still controversial.

In the current study, significant differences in macular thickness between amblyopic
and healthy eyes of the same children showed that the macula’s central thickness, 1-
mm ring and the 3-mm ring did not differ (P > 0.05), while in the inferior part of the
6-mm ring macular thickness was significantly lower in amblyopic eyes. No significant
difference in macular thickness between amblyopic and control eyes (P > 0.05).

This was consistent with previous studies [8, 11–14], but other authors reported sig-
nificant differences in macular thickness [6, 15, 16] or retinal nerve fibre layer thickness
(RNFLT) [6] in amblyopic eyes.

As amblyopia can be caused by refraction or anisometropia but also by strabismus
and deprivation, it is interesting to know whether the thickness of the macula differs in
these types of amblyopia. For instance, in the case of deprivation amblyopia, Kasem and
Badawi [6] observed a significant increase in the foveal thickness and the superior and



334 K. Kalnica-Dorosenko et al.

inferior RNFLT. Meanwhile, Kim and colleagues [17] found no significant difference in
deprived amblyopic eyes compared to normal eyes regarding macular thickness. They
found a thicker nasal RNFL in amblyopic eyes. Pal and Malik’s [18] 2020 work also
showed no statistically significant difference between amblyopic and normal eyes in
patients with deprivation amblyopia regarding peripapillary RFNL thickness. When
comparing foveal thickness in strabismic amblyopic eyes, some studies showadifference
between the better-seeing eyes or controls [6, 19, 20], while others, on the contrary, show
no difference [18, 21, 22]. Regarding anisometropic amblyopia, Wang and colleagues
[23] argue that the average central macular thickness is thicker than normal eyes, but
other areas have no significant difference. In the study by Xia and colleagues [24],
there was no significant difference in total macular thickness in the five sectors between
amblyopic and control eyes. As well as, the macular RNFLT did not differ significantly
in the five sectors between amblyopic and control eyes.

Furthermore, although the number of patients was not large, a study of amblyopia
treatment’s effect on macular thickness changes found that the central macular thickness
and 1 mm macular ring in eyes with amblyopia decreased after treatment. A 2015 study
by Pang and colleagues [25] found similar changes inmacular thickness. The researchers
concluded that macular thickness in the centre decreased significantly after amblyopia
treatment in eyes with amblyopia.

In conclusion, foveola thicknesswas significantly higher in eyeswith amblyopia than
in healthy eyes with anisometropic amblyopia. The central macular thickness was not
significantly higher in amblyopic eyes compared to control eyes. There is no basis for the
assumption that macular thickness changes correlate with visual acuity changes. Further
studies with more significant numbers of refractive and anisometropic amblyopia cases
are recommended.

References

1. Donahue, S.P.: Relationship between anisometropia, patient age, and the development of
amblyopia. Am. J. Ophthalmol. 142(1), 132–140 (2006)

2. Bradfield, Y.S.: Identification and treatment of amblyopia. Am. Fam. Physician 87(5), 348–
349 (2013)

3. Shrestha, C., Rajbhandari, R., Poudel, M.: Macular and peripapillary retinal nerve fiber
thickness in unilateral amblyopic eye. Nepal Med. Coll. J. 23(2), 132–138 (2021)

4. Rajavi, Z.,Moghadasifar,H., Feizi,M., et al.:Macular thickness and amblyopia. J.Ophthalmic
Vis. Res. 9(4), 478–483 (2015)
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Abstract. Current research is done in groups of childrenwithin the normand from
those having learning difficulties from preschool (6–7) and primary school ages
(7–8). A comparative analysis of cognitive brain functions during orientation in a
maze has been performed using coherent EEG analysis with respect to age-related
features of the formation of neural connections in the brain cortex. Identified dif-
ferences in the quantitative and spatial organization of neural connections in the
cerebral cortex in both hemispheres of the brain. The dynamics of neural con-
nections in children with learning difficulties indicate a pronounced age-related
functional immaturity of the cortical regions of the brain, as well as disruptions in
the regulatory brain structures – an imbalance between inhibitory and activating
influences. The data from the coherent EEG analysis correlatedwith a high level of
motor activity (often chaotic) in the maze, fragmented perception, unstable atten-
tion, low working memory capacity, and weak optimization of skills in mastering
new spaces. These are caused by the distortion of the analysis and synthesis of
incoming information and disruption of control in the emotional-volitional sphere.

Keywords: EEG · brain · children · learning difficulties · analysis

1 Introduction

Coherence is a measure of synchronization between two different EEG leads. From a
functional point of view, it reflects the degree of spatial-temporal relationships or the
state of functional integration of neurons in anatomically connected structures, gener-
ating discharges synchronously [1]. Coherent analysis as a mathematical method for
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processing EEG is relatively new, and it is established that the information obtained has
a fundamentally different qualitative level compared to power spectral analysis [2]. In
clinical practice, it was concluded that coherent analysis has a greater diagnostic value
than spectral analysis [3]. There is limited data on coherent EEG analysis in young chil-
dren and even fewer comparative or correlational EEG analyses - this subtle indicator
of the functional state of the brain and cognitive brain function indicators.

The age of children 6–8 years old chosen for the study is determined by the fact that it
is a period when the acquisition of new skills, concepts, accumulation, and exchange of
information in the brain is interrupted by a sharply demanded assessment of the quality
of the perceived information, stored in the brain systems, and capable of reproduction
in the form of an involuntary skill or formed elements of voluntariness: to endure a
lesson, control one’s behavior: raise a hand, attentively listen to the teacher, etc. Both
of these qualities still have the character of immaturity, but this age period is crucial for
assessing deviations in EEG in terms of analysis and synthesis of perceived information.
It is important to determine the relationship between behavioral indicators and changes
in EEG during various functional deviations from normal maturation of regulatory brain
structures. Understanding the mechanisms of information processing by the brain is
essential at all stages of ontogenesis, especially in preschool and early school age when
children need to perceive large volumes of information.

In recent years, the number of students experiencing learning difficulties has been
steadily increasing in all countries around the world, and these are children from all
social strata of society. School failure in different age groups (6–9 years old) has been
identified in 15–40% of children, according to various sources [4]. This is not only an
emerging social problem but also a relevant medical, psychological, and pedagogical
issue.

1.1 Research Goal

Comparative analysis of the features of neural connections formation in the brain cortex
based on the dynamics of EEG coherence and indicators of behavior and cognitive
functions in children aged 6–8 years with learning and behavior difficulties.

2 Research Methods

A functional EEG analysis was performed on children participating in state correctional
programs in special education classes at various schools. These children underwent
a medical-pedagogical commission at the Department of Education, where they were
referred by kindergarten teachers and primary school teachers due to incomplete readi-
ness for systematic education in school. School specialists referred children because of
difficulties in mastering school subjects. The package of documents for the commission
includes a clinical encephalogram and/or sleep encephalogram. Children are monitored
by doctors and psychologists who provide ongoing correction and control of the func-
tional state of the body, with the aim of accelerating the child’s return to groups of their
age norm.
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Parents, psychologists, or doctors are always initiators of additional scientific EEG
analysis. The functional analysis of quantitative deviations in EEG according to the
“neurometric” methodology was named after two scientists - Roy John from New York
University and Yu.D. Kropotov from the Institute of the Human Brain of the Russian
Academy of Sciences [5]. This analysis provides additional knowledge about the func-
tional features of EEG rhythms, the functions of brain regions and hemispheres, their
connections, and uses additional parameters for assessing EEG (coherent analysis, map-
ping, etc.), which are still rarely used in clinical practice. Such analyses are usually
carried out in scientific centers [5].

The age groups consisted of 80 children in a preparatory group aged 6 to 7 years
(46 boys and 34 girls) and first-grade students aged 7 to 8 years (52 boys and 28 girls).
Each age group consisted of two subgroups: the first - age norms, included children who,
according to the teacher and psychologist’s assessment, willingly and easilymastered the
preparatory program in kindergarten, and the others - the school program - 30 children of
normal age and 50 children with complaints of reduced attention activity and difficulties
in learning.

The work was carried out in compliance with the conditions of the articles of the
“Helsinki Declaration on Bioethics and Human Rights,” category Medical Diagnos-
tics and its subcategories 22:5 Diagnostic Methods, 12:1 Medical Semiotics, and 26:1
Medical Measuring Devices. Individual informed consent cards and personal parental
initiatives for EEG registration and mathematical data analysis were completed.

The registration of brain electrical activity (EEG) was performed using an electroen-
cephalograph - EEG analyzer - 21/26, “Encephalan 131–03”, Medicom MTD, Russia.
Electrodes were applied according to the “10–20” system. Computerized EEG record-
ing was carried out in a monopolar ipsilateral ear lead, adhering to standard conditions
for conducting this type of neurophysiological diagnostics [5]. To assess the level of
intrahemispheric integration along cortico-cortical pathways, we conveniently used a
limited number of lead pairs with short distances symmetrically in the left and right
hemispheres (FP1-F3, F3-C3, C3-P3, P3-O1, FP1-F7, F7-T3, T3-T5, T5-O1), allowing
for the analysis of short connection chains. Intrahemispheric connections Fp1 – Fp2,
F7 – F8, T3 – T4, T5 – T6, O1 – O2, short and long chains. The results of all stud-
ies were statistically processed. A comparative assessment of quantitative features was
performed using parametric statistical criteria (Student’s t-test). Intergroup comparison
of significance in the nonparametric distribution of related parameters was performed
using the Wilcoxon paired test and in unrelated samples – the Mann-Whitney test. The
critical significance level of the tests was determined at p ≤ 0.050.

3 Research Results

Analysis of the dynamics of coherence values within the reference corridor in children
with learning difficulties in both age groups revealed pronounced individual variability
and instability, especially under cognitive load (mental arithmetic). In both groups, a
symmetrical increase in the average coherence value (AC) up to significant values was
observed: in preschoolers and high levels in first-graders in the frontal and anterior
temporal (Fp1-F7 (F3); Fp2-F8-(F4) leads (Fig. 1).
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As can be seen from Fig. 1, children with learning difficulties have more connections
along the lateral chains of both hemispheres, while in groups of their age norm, they
have more internal connections. The highest coherence value (AC) is registered in pairs:
frontopolar-frontal and frontopolar-anterior temporal leads.

This is consistent with the concept of neurophysiologists about the leading role of
the frontal regions of the cerebral cortex, which provide programming, regulation, and
control of humanbehavior. Further, as youmoveaway from the frontal regions, coherence
values usually decrease (6). Such a patternwas found specifically in the age normgroups:
coherence values gradually decreased as they moved away from the frontal regions. In
children with learning difficulties in both groups, on the contrary, high coherence values
were found not only in the frontal but also in the central-parietal-occipital and temporal
leads (C3, P3, O1, T3-T5), more often in the left hemisphere. In 6–7-year-old children
with learning difficulties, high coherence values could be registered in both hemispheres
in the range of delta1, delta2, and theta waves. A comparative analysis with the spectral
power of EEG rhythms revealed a significant decrease in alpha wave power compared
to the age norm and a significant increase in EEG power in the range of slow rhythms
delta1 and delta2, p< 0.05. Coherence indicators and spectral power of EEG in children
with learning and behavioral difficulties correlated with characteristics of orientation in
a closed maze: They were found to have communication and emotional skill disorders,
fear of novelty, unstable attention, and low levels of working memory [4, 7].

In both groups of children with learning difficulties, compared to the age norm, a
characteristic excessive number of predominantly intrahemispheric connections with a
low and partially moderate level of coherence (0.3 - 0.33) was found in the slow wave
band (delta-1,2, theta waves) in frontal and temporal, less often central leads of both
brain hemispheres. These data correlated with the results of the EEG spectral analysis:
the predominance of slow wave activity in the anterior leads, especially in 6–7-year-old
children, and the slowed formation of almost all indicators of alpha activity (4). The
analysis of psychological test data (R. Tammel, M. Lorki, V. Amen) revealed a high
level of anxiety in both groups of children with learning difficulties, more pronounced
in preschoolers, and girls had a greater fear than boys (7). Therefore, in both groups
of children with learning difficulties, compared to the age norm, the excessive level of
connections with a low and partially moderate level of coherence indicated their func-
tional inappropriateness and was partly due to the high level of activation of behavioral
systems and low activity of inhibitory systems.

As presented in Fig. 2, in 32–37% of children with learning difficulties of both age
groups, excessive coherence was registered in the high-frequency wave band - gamma
35.0–70.0Hz, in oneor both hemispheres of the brain, exceeding the normative indicators
at p < 0.05. Considering the pronounced individual variability and instability within,
and less often between, central EEG connections in Fig. 2, typical neural connection
schemes are presented.

As shown in Fig. 2, the spatial organization and quantitatively excessive expression
of neural connections by coherence in the gamma range of the EEG is expressed in intra-
hemispheric connections in one brain hemisphere, less often in both simultaneously. The
acceleration of high-frequency rhythm formation processes can lead to the disruption
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Fig. 1. The spatial organization of coherent EEG connections - oscillations of various ranges
with coherence values within the reference corridor (0.51–1.00) when recording brain currents in
a resting state in 6–7-year-old children - the upper row (1), in 7–8-year-old children with learning
difficulties - the middle row (2), and in 7–8-year-old children, the lower row (3) is considered
normal.

of spatial synchronization of potentials and, as a consequence, to the disruption of inte-
grative brain functions (8,9,10). Notably, parents of these children complained about
periods of unmotivated aggression and, less often, tearfulness in their behavior.

The neurophysiological features of the EEG correlated with both behavioral data and
cognitive brain functions during orientation in the maze, as well as with psychological
testing results. The dynamics of neural connections in children with learning difficulties
indicated a pronounced age-related functional immaturity of the cortical regions of the
brain and disturbances in regulatory structures - the balance of inhibitory and activating
influences of the thalamocortical system. The data from both types of EEG analysis
clearly predicted children’s behavior in the maze: a high level of motor activity (often
chaotic), fragmented perception, unstable attention, low working memory capacity, and
weak optimization of skills in mastering new spaces, caused by distortion in the analysis
and synthesis of incoming information.

Therefore, the coherence analysis of the EEG reflects the level of disturbances in
the interconnectedness of the cortical areas of the cerebral hemispheres and the regu-
latory structures of the brain, which in turn cause difficulties in learning and behavior
in children. The nature of neurodynamic and regulatory disturbances will enable the
development of new methods to correct developmental deficiencies in higher cortical
functions in the presence of these disorders.
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Fig. 2. Schemes of individual intra- and inter-central EEG connections by coherence in delta1,
delta2, theta, and gamma ranges of the EEG. Brain bio-currents were recorded at rest in 6–7-year-
old children - upper row (1), in 7–8-year-old children with learning difficulties - middle row (2),
and in 7–8-year-old children - the norm - lower row (3).
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Abstract. The differential diagnosis between Ischemic Heart Disease (IHD) and
Dilated Cardiomyopathy (DCM) can often be challenging, because only invasive,
and not largely available exams can provide a definite diagnosis. The echocar-
diographic left ventricular ejection fraction (LVEF) and global longitudinal strain
(GLS) as well as ECG heart rate variability (HRV) analysis are shown to be helpful
tools for diagnosing several cardiac diseases. There is also a growing interest in
application of interpretable machine learning techniques to guide the diagnosis.
We aimed to produce an interpretable model applied for differential diagnosis
between DCM, IHD and healthy subjects (HC) based on LVEF, GLS and HRV
features. The study encompassed three groups: 130 DCM, 164 IHD, and 152 HC
subjects. The novel GLS, LVEF, and linear and non-linear HRV features were
extracted for each subject. Then, the interpretable models were produced by a
logistic regression algorithm considering a set of features chosen with the ReliefF
method. The results showed that the most informative features for classification
between IHD, DCM e HCwere: GLS, LVEF, age, FD, SD1/SD2 and sex, listed in
order of importance. The obtained classification accuracy was 70% and the area
under the ROC curve was 83.4%. The study demonstrates that a logistic regression
model and its nomograms allow detailed clinical interpretation of the model and
may be a powerful tools support differential diagnosis between IHD, DCM and
HC.

Keywords: Echocardiographic imaging · HRV analysis · Interpretable model ·
IHD · DCM

1 Introduction

Chronic ischemic heart disease (IHD) is a condition that affects the coronary pathways
and progresses slowly over time. IHD occurs when there is an imbalance between oxy-
gen demand and supply, often due to atherosclerosis. When presenting acutely, IHD
manifests with unstable angina, myocardial infarction, or sudden cardiac death, making
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early diagnosis crucial for better prognostic outcomes. The clinical diagnosis is often
based on patient reported symptoms, including chest pain, as well as electrocardiography
and echocardiography assessment. However, a definitive diagnosis can only be obtained
through invasive coronary angiography, which can lead risks and complications. Dilated
cardiomyopathy (DCM), on the other hand, is a non-ischemic and non-valvular heart
disease characterized by an enlargement of the left ventricle or both ventricles and their
progressive dysfunction. It is a leading cause of cardiac arrest and heart transplantation
worldwide [1]. Since the pathological causes of DCM are varied, diagnosis may differ
depending on the individual, but family history, physical examination, electrocardio-
gram, and transthoracic echocardiography are typically conducted. Furthermore, it is
important to note that distinguishing between IHD and DCM can be difficult due to the
fact that a definitive diagnosis can only be obtained through invasive or not widely and
timely available diagnostic exams. However, certain non-invasive diagnostic tools, such
as echocardiographic left ventricular ejection fraction (LVEF), global longitudinal strain
(GLS), and electrocardiogram heart rate variability (HRV) analysis, have been shown to
be useful in diagnosing various cardiac disease [2–5].

LVEF is presently the most frequently used cardiac imaging parameter in patients
with heart failure (HF). Nonetheless, LVEF on its ownmay not be sufficient to categorize
all patients and should be incorporated as part of a more comprehensive approach [6].
GLS, which is a parameter used to analyze myocardial deformation, has been shown
to play a significant role in predicting cardiovascular outcomes [7]. In comparison to
measuring LVEF alone, GLS has demonstrated greater effectiveness in detecting overall
degeneration of the left ventricle [2]. On the other hand, HRV measurement is used
to quantify cardiac autonomic activity, resulting from the interplay between sympa-
thetic and parasympathetic activity. In addition to GLS and LVEF, pathophysiologic
changes associated with heart disorders and accompanying changes in HRV can provide
prognostic information that may not be captured by GLS and LVEF alone [8].

There is also a growing interest in application of machine learning techniques, which
utilize HRV features in conjunction with other clinical data, to guide the diagnosis [9].
Nonetheless, it is important to acknowledge that utilizing black-box models in sensitive
areas such as healthcare can be problematic. Medical personnel or patients themselves
must have some understanding of why these models made certain decisions in order
to accept or reject the outcome [9]. Therefore, interpretable models that offer output
information pertaining to a particular disease and assist in assessing the credibility of
the model are more appealing in the field of medicine [10].

The literature contains several medical studies based on interpretable models, such
as logistic regression [11–13]. Logistic regression is a statistical model that illustrates
the relationship between input parameters and can be interpreted using nomograms to
determine the probability of an event occurring. The logistic regression nomogram not
only facilitates predictions but also visually represents the model’s architecture and the
individual contributions of features to the class probability.

Therefore, the study aimed to produce an interpretable model applied for differential
diagnosis between DCM, IHD and healthy subjects (HC) based on LVEF, GLS and HRV
features.
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2 Methods

2.1 Study Population and Protocol

A total of 488 subjects participated in this study, divided into three groups: 146 DCM
(60F/86M, aged61±14y), 182 IHD(44F/138M, aged73±11y), and160HC(80F/80M,
aged 61 ± 17y). Patients with DCM were enrolled after clinical evaluation, and those
older than 35 years of age, with cardiovascular risk factors and/or without a family
history of DCM underwent coronary angiography. The assessment of IHD was based
on clinical, laboratory, and invasive findings [14], and patients with known risk factors
such as alcohol or drug abuse, and tachyarrhythmias were excluded from the study. The
LVEF was determined using the Simpson biplane method [15], and the GLS was deter-
mined using speckle tracking echocardiography. The GLS measurement was performed
offline using dedicated software (TomTec Arena v2.0, TomTec Imaging Systems, Unter-
schleißheim, Germany), with visual assessment of the endocardial border and manual
adjustment of the tracing, if necessary, to ensure accurate contour tracing. This study
was conducted in accordance with the principles of the Declaration of Helsinki, and all
participants provided written informed consent.

2.2 Heart Rate Variability Acquisition and Processing

All participants in the study underwent a 24-hHolter electrocardiogram (ECG) recording
using theSpiderViewambulatory electrocardiographic recorder (SorinGroup, Italy)with
a sampling rate of 200Hz. The RR intervals were extracted and labeled using SyneScope
analysis software (Sorin Group, Italy). The RR interval records were divided into 5-
min segments without overlap, and each segment was included in the analysis only
if the longest subsequence of ectopic beats (labeled as “ectopic” by the ECG Holter)
or the longest artifact subsequence did not exceed 10 s, known as Heart Rate Total
Variability [3]. The segments were then interpolated with cubic spline and resampled
at 2 Hz. Linear and non-linear HRV features were extracted from each segment. Linear
parameters, including MeanRR, SDNN, RMSSD, NN50, and pNN50, were calculated
directly from the RR sequence. In the frequency domain, the absolute powers in the low
(LF = 0.04–0.15 Hz) and high (HF = 0.15–0.40 Hz) frequency bands, related to vagal
and sympathetic nerve control on heart rhythm, were estimated from the interpolated
HRV signal. Normalized low and high-frequency powers (LFn, HFn) and their ratio
(LF/HF) were also calculated from the latter parameters. Non-linear analysis was carried
out by calculating Poincaré plot parameters (SD1, SD2), reflecting short- and long-term
variability [16]. Fractal Dimension (FD) and beta exponent (betaExp) [17] were also
extracted to quantify the complexity of the system generating the signal.

2.3 Outliers, Features Selection and Classification

Firstly, the dataset was preprocessed to identify any possible outliers using the local
outlier factor detection method. Then, feature selection was performed using the infor-
mation gain method, and subsequently, a logistic regression model was created. The
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local outlier factor detection method used a hamming distance measure with a contami-
nation rate of 0.1 and a number of neighbors equal to 20 to obtain local density from the
k-nearest neighbors (k = 20). A total of 42 subjects were excluded (16 DCM, 18 IHD,
and 8 HC), leaving 130 DCM (57F/73M, aged 62 ± 13y), 164 IHD (41F/123M, aged
73 ± 10y), and 152 HC (77F/75M, aged 61 ± 17y) in the study. For feature selection,
the Information Gain method [18] was used, with a cut-off of 0.086 for informative
attribute estimates. The logistic regression algorithm was then used to create the model,
which considered the selected HRV features, age, sex, LVEF, and GLS. To estimate the
classification accuracy (CA), area under the curve (AUC), F1, precision, and recall of the
dataset, 10-fold cross-validation was used. Finally, nomograms were created for each
group to interpret and validate the obtained model.

3 Results

The results showed that the most informative features for classification between IHD,
DCM e HC, according to obtained Information Gain coefficient were GLS, LVEF, age,
FD, SD1/SD2 and sex, listed in order of importance.

The classification performance of produced logistic regression model based on
selected features is reported in Table 1.

Table 1. Performance measures of the logistic regression model.

Model AUC CA F1 Precision Recall

Logistic Regression 0.83 0.70 0.70 0.71 0.70

The confusion matrix obtained for the logistic regression model is reported in Fig. 1.
The confusionmatrix shows thatDCMpatientswere classifiedwith a precision of 78.9%,
IHD patients at 65.0%, and HC subjects at 69.4%.

Fig. 1. Confusion matrix obtained by logistic regression model.

The produced nomograms for logistic regression models are reported in Fig. 2. The
features are listed in order of importance allowing us to select the subset of the most
informative features.



Interpretable Model to Support Differential Diagnosis 347

Fig. 2. Nomograms of the logistic regressionmodel for DCM (top panel) and IHD (bottom panel)
groups.

4 Discussion

Accurately distinguishing between DCM, IHD, and HC can be challenging, as a defini-
tive diagnosis often requires invasive or unavailable diagnostic tests.However, diagnostic
methods such as LVEF, GLS and HRV analysis are useful in detecting various cardiac
conditions [2–6], but these parameters have not yet been used together to support the
differential diagnosis. In recent years, there has been a growing interest in using inter-
pretable machine learning approaches to aid in diagnosis. Therefore, the aim of this
study was to develop an interpretable model that utilizes LVEF, GLS, and HRV features
to aid in the differential diagnosis of DCM, IHD, and HC.

Our study found that GLS, LVEF, age, FD, SD1/SD2, and sex are the most infor-
mative features for accurately classifying DCM, IHD, and HC subjects. The model
achieved an accuracy of 70%, and the confusion matrix for the test data showed that
the DCM group had the highest precision (78.9%), while the IHD group had the low-
est (65.0%). This difference in precision can be explained by the fact that the model’s
features characterized DCM patients better. This finding was partially confirmed by the
created nomograms for the DCM and IHD groups.
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In the IHDnomogram,GLS and LVEF appeared to be of equal importance. However,
in the DCM nomogram, GLS was more crucial in the classification of these patients, as
evidenced by its more extended line. Moreover, the model empirically determined the
thresholds of 16 for GLS and 50 for LVEF for the diagnosis of DCM and IHD, which are
consistent with recent research [19, 20]. It is noteworthy to underline that if GLS is less
than 16, the probability of developing one of the two disorders increases. Conversely,
an LVEF of less than 50 increases the chance of DCM while decreasing the likelihood
of IHD. Age feature also played an important role, with the probability of developing
DCMdecreasingwith age, consistent with the literature [21]. However, sex only partially
influenced the outcome of the prediction: when examining the epidemiology of the
IHD disease, it was found that women have the same incidence rates as men ten years
younger [22]. FD, which quantifies the complexity of the system generating the signal,
was more likely to be altered in patients with IHD and DCM [23]. Finally, SD1/SD2,
which describes diastolic blood pressure, was found to bemore variable in DCMpatients
[24].

In conclusion, our preliminary study produced a machine learning model with a
reasonably high accuracy for the differential diagnosis of HC, DCM, and IHD. This
level of accuracy can aid clinicians in deciding whether further invasive diagnostic tests
are necessary. Our research also highlighted the importance of model interpretability,
as evidenced by the usefulness of nomograms in evaluating the clinical plausibility of
individual features and identifying thresholds for disease-related parameters. Overall,
our study highlighted the utility of nomograms as a probabilistic classification tool to
support clinical decision-making in the differential diagnosis of cardiac diseases.

Acknowledgement. Work partially supported by Master in Clinical Engineering, University of
Trieste.
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Abstract. The COVID-19 pandemic has posed significant challenges to health-
care systems worldwide, with critically ill patients requiring intensive care and
fluidmanagement tomaintain systemic hemodynamics. This study aimed to inves-
tigate the potential of remote photoplethysmography (rPPG) and automated capil-
lary refill time (aCRT) techniques for assessing alterations in peripheral perfusion
among patients with severe COVID-19 infection during fluid resuscitation. Eight
patients with severe acute respiratory distress syndrome (ARDS) due to COVID-
19 were enrolled in a single-center prospective pilot study. Fluid responsiveness
was evaluated using the passive leg raising test (PLRT) and a fluid challenge.
Hemodynamic variables, perfusion index (PI) detected by rPPG, and manual and
automated CRT parameters were collected at four different time intervals during
the test. The results showed significant changes in hemodynamic variables, rPPG
perfusion index, and manual and automated CRT parameters during fluid resusci-
tation, suggesting that these techniques could accurately evaluate peripheral per-
fusion changes in critically ill COVID-19 patients. The automated CRT technique,
which provided objective assessments of capillary refill time, was found to be a
potential alternative to themanual CRT technique. The present pilot study supports
the hypothesis that rPPG and aCRT techniques, in conjunction with hemodynamic
parameters, can reflect changes in peripheral perfusion during fluid resuscitation
in patients with severe COVID-19. However, further studies with larger patient
populations are required to validate these findings and develop guidelines for the
application of these techniques in clinical practice.
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1 Introduction

Although the COVID-19 pandemic, caused by the novel coronavirus SARS-CoV-2, has
substantially subsided globally, newvirus variants continue to emerge, potentially posing
risks for intensive care overload in the near future. Since its outbreak in late 2019, the
pandemic has presented unprecedented challenges to healthcare systems worldwide.

The clinical manifestations of COVID-19 encompass a wide range, from asymp-
tomatic cases to severe respiratory symptoms necessitating mechanical ventilation [1–
6]. Approximately 5% of cases progress to critical conditions, including severe lung
damage, respiratory distress, hypoxia, respiratory failure, septic shock, and multi-organ
dysfunction (MODS) [3, 4]. These critically ill patients often require admission to the
intensive care unit (ICU) and aggressive fluid and vasopressor administration tomaintain
systemic hemodynamics.

Optimizing fluidmanagement in patients with severe COVID-19 pneumonia or acute
respiratory distress syndrome (ARDS) is crucial to balance the life-threatening risk of
fluid overload and the consequences of hypovolemia, such as reduced tissue perfusion
and multi-organ dysfunction (MOD) [3]. Current guidelines [6] recommend the use of
dynamic parameters, including manual capillary refill time (mCRT), lactate level, and
passive leg raising test (PLRT), to assess fluid responsiveness. However, lactate levels
can be a non-specific indicator, as hyperlactatemia may arise from increased lactate
production, decreased lactate clearance, or a combination of both factors [7].

Non-invasive assessment of peripheral perfusion remains challenging due to the lack
of simple and objective diagnostic techniques. The development of innovative optical
methods for peripheral perfusion evaluation, such as remote photoplethysmography and
automated capillary refill time, is therefore of paramount importance.

Remote photoplethysmography (rPPG) is an emerging optical technique that mea-
sures blood volume changes in the microvascular bed of tissue by utilizing a remote
camera to capture subtle variations in reflected light [8]. In contrast, automated capillary
refill time (aCRT) is a technique that quantifies the time taken for capillaries to refill
with blood following the application and release of pressure on the skin, providing an
objective assessment of peripheral perfusion [9].

The primary aim of this study is to investigate alterations in peripheral perfusion
among patients with severe COVID-19 infection using remote photoplethysmography
and automated capillary refill time determination techniques.

Hypothesis: Remote photoplethysmography (rPPG) and automated capillary refill
time techniques (aCRT), in conjunction with hemodynamic parameters, could reflect
changes in peripheral perfusion during fluid resuscitation in patientswith severeCOVID-
19.

2 Materials and Methods

The measurements were conducted in well ventilated and temperature controlled room
(22 °C) at Pauls StradinsClinicalUniversityHospital (Riga, Latvia) in a general Intensive
Care Unit with the approval of the Ethics Committee.
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2.1 Measurement Protocol

Eight patients with severe ARDS due to COVID-19 were enrolled in a single-center
prospective pilot study. To provide optimal resuscitation before further volume therapy,
fluid responsiveness was evaluated using the passive leg raising test (PLRT) followed
by a fluid challenge. During PLRT, cardiac output increases with volume expansion by
transferring approximately 300 ml of venous blood from the lower body towards the
right heart, achieved by tilting the patient’s head down and elevating their feet at a 45-
degree angle. A fluid challenge was performed using crystalloids at 10 ml/kg over 60
min. The test protocol was divided into four different stages: T1 - baseline conditions,
T2 - during leg rising, T3 - after leg rising, and T4 - after fluid expansion, see Fig. 1.

Fig. 1. Passive leg raising and fluid expansion test protocol. Four stages are denoted as follow:
T1- baseline, T2-During leg rising, T3-after leg rising and T4- after fluid expansion.

Hemodynamic variables, such as cardiac output (CO l/min), measured by the Most-
careUp Haemodynamic monitor (Vygon©), mean arterial blood pressure (MAP), per-
fusion index (PI) detected using rPPG, and manual CRT (mCRT) and automated CRT
parameters T90 and Tst, were collected during all stages of protocol (T1-T4).While
lactate levels were collected during T1 and T4 stages.

2.2 Optical Measurements

The components of the remote photoplethysmography system include a camera (Ximea-
xiQ, CMOSIS CMV300 monochrome, 10-bit dynamic range, resolution 640 × 480),
white light emitter (ALM Prismalix PRX800) for skin illumination with linearly polar-
ized light, a narrow-band 540nm (bandwidth 10nm) optical filter (540 nm CWL 10nm
FWHM bandpass filter Edmund Optics), an orthogonally oriented polarizer attached to
the camera lens (low-distortion Edmund Optics, C- mount f = 6 mm lens) to decrease
skin surface reflection, and a computational module for PPG signal processing and
real-time hemodynamic parameter calculation, including mean perfusion index (PI) and
spatial distribution of perfusion (perfusion map) [10, 11]. Prior to the passive leg raising
test, the lamp was adjusted to achieve uniform illumination of the patient’s palm. The
distance between the palm and lamp was approximately 1 m.

The automated capillary refill time (aCRT) technique was utilized to improve the
dynamic assessment of peripheral perfusion. The capillary refill time measurement
device prototype is based on an embedded optoelectronic system. Themajor components
of this system include an adjustable finger support frame (1), a moving opto-mechanical
probe (2), a contactless temperature sensor (3), a button panel (4), and an LCD screen
(5) for displaying measurement results as depicted in Fig. 2A. The aCRT measurement
was performed by applying and removing an opto-mechanical probe on the skin surface
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of the middle finger while recording the signal at 525nm illumination. The prototype
provides two parameters (T90 and Tst) characterizing capillary refill, along with a skin
temperature reading. T90 represents the time taken for the light intensity to reach 90%
from the moment pressure is released until Tst. Tst, on the other hand, signifies the
stabilization of the signal or the maximum capillary refill following pressure release as
shown in Fig. 2B. The detailed description of the aCRT technique is provided elsewhere
[12].

Fig. 2. Automated capillary refill time measurement prototype (A); Signal intensity during cap-
illary refill measurement, Pbas (baseline perfusion), Pmin (minimal perfusion), Pmax (maximal
perfusion). The time of the load is indicated by a gray square.

2.3 Statistics

Descriptive statistics, represented by mean ± standard deviation (SD) values, were cal-
culated for continuous variables. The FriedmanRepeatedMeasuresAnalysis of Variance
on Ranks was employed to compare parameters from all protocol stages (T2-T4) against
the baseline stage (T1). A statistically significant difference was considered at p< 0.05.
All statistical analyses were conducted using SPSS for Windows 10.

3 Results

The titrated dosage of norepinephrine in the patient group ranged between 0.1–
0.2 µg/kg/min. Hemodynamic variables were collected and analyzed at each stage of
the protocol (T1–T4), with all changes compared to the baseline (T1).

During the passive leg raising test (T2), compared to the baseline, the mean arterial
blood pressure (MAP) increased by 15%, the remote photoplethysmography (rPPG)
perfusion index rose by 13% (see Fig. 3 T2), cardiac output (CO) showed an increase of
21%, the mean manual capillary refill time (mCRT) exhibited a decrease of 25.5%, the
mean automated capillary refill time (aCRT) T90was reduced by 30%, and Tst displayed
a decrease of 22%. After fluid expansion (T4), in comparison to the baseline, the mean
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arterial blood pressure (MAP) increased by 17%, the remote photoplethysmography
(rPPG) perfusion index rose by 30% (see Fig. 3. T4), cardiac output (CO) showed a 10%
increase, the mean manual capillary refill time (mCRT) exhibited a 38% decrease, the
mean automated capillary refill time (aCRT) T90 was reduced by 30%, Tst displayed a
14% reduction, and the mean lactate level decreased by 17%. These findings are detailed
in Table 1.

Table 1. Parameters obtained during the passive leg raising and fluid expansion test protocol. The
table displays the mean values± standard deviation for the group (n= 8). Statistically significant
differences (p < 0.005) between the baseline conditions (stage T1) and the subsequent stages:
T2 - during leg raising, T3 - after leg raising, and T4 - after fluid expansion) are indicated by an
asterisk (*).

Parameters Baseline
conditions
T1

During
Leg rising
T2

After
Leg rising
T3

After
fluid expansion
T4

Mean arterial pressure (MAP),
mmHg

77.9 ± 9.3 89.4 ± 12.8* 77.8 ± 10.1 91.7 ± 6.3

Cardiac output (CO), l/min 4.7 ± 0.8 5.7 ± 0.9* 4.8 ± 0.8 5.2 ± 1.0*

Lactate level, mmol/l 2.27 ± 1.0 n/a n/a 1.9 ± 0.75*

Peripheral perfusion index,
(PPI) a.u

30.5 ± 16.1 4.2 ± 16.4* 30.9 ± 15.8 39.1 ± 19.8*

Manual capillary refill time
(mCRT), s

2.15 ± 0.59 1.6 ± 0.9* 1.9 ± 0.6 1.33 ± 0.5

Automated capillary refill time
(aCRT) T90, s

1.5 ± 0.12 1.04 ± 0.12* 1.4 ± 0.6 1.05 ± 0.1

Automated capillary refill time
aCRT. Tst, s

3.04 ± 0.35 2.59 ± 0.06 4.12 ± 2.25 1.9 ± 0.24

Temperature (T), °C 33.7 ± 1.9 33.4 ± 2.06 33.3 ± 2.4 33.1 ± 2.4

Fig. 3. Cutaneous rPPG perfusion index maps at different protocol stages: T1 (baseline), T2
(during leg raising), T3 (after leg raising), and T4 (after fluid expansion).After leg rising (T2)
palm perfusion increased, as shown in higher density perfusion cluster.
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4 Discussion

Our study results demonstrate, for the first time, that the perfusion index detected
by remote photoplethysmography, and automated capillary refill time parameters can
be used to evaluate peripheral perfusion changes during fluid resuscitation. To assess
fluid responsiveness, the Surviving Sepsis Campaign guidelines suggest using dynamic
parameters such as passive leg raising test, capillary refill time, and parameters esti-
mating preload [6]. Predicting preload responsiveness is crucial for identifying patients
who may benefit from fluid administration. Recent studies have shown that changes in
the peripheral perfusion index (PI) correlate with changes in cardiac output. Therefore,
when cardiac output is not monitored, changes in PI may help predict preload respon-
siveness and guide fluid therapy in ARDS patients [8]. In our study, we utilized remote
photoplethysmography (rPPG) to detect the perfusion index and analyze its spatial dis-
tribution (perfusion maps) to characterize changes in peripheral perfusion during fluid
resuscitation. Perfusion maps reveal the heterogeneity of cutaneous perfusion in periph-
eral tissues; therefore, we investigated PI not only at the finger level but also in the palm.
Evidence from the Andromeda Shock Trial [9] suggests that a microcirculation-guided
strategy based on CRT might reduce organ failure and patient mortality compared to a
lactate-targeted approach. However, the manual CRT detection technique is subjective.
To improve the dynamic assessment of peripheral perfusion, we used a custom-made
automated capillary refill time (aCRT) technique. The detected parameters character-
izing capillary refill (T90: 90% of capillary refill is achieved and Tst: capillary refill
is entirely achieved) showed decreased time during fluid resuscitation, similar to the
manual CRT method. Thus, the automated CRT technique may serve as an alternative
to the manual CRT technique.

Our findings support the hypothesis that remote photoplethysmography (rPPG) and
automated capillary refill time techniques (aCRT), in conjunction with hemodynamic
parameters, can indeed reflect changes in peripheral perfusion during fluid resuscitation
in patients with severe COVID-19. The observed changes in perfusion index, as detected
by rPPG, and the automated capillary refill time parameters during fluid resuscitation
were consistent with the expected physiological response, further validating the potential
utility of these techniques in clinical practice. However, our study has several limitations.

First, we included only severe COVID-19 patients, while the results regarding PI
might differ in other contexts, especially because PI is influenced by skin perfusion,
which might be different in the perioperative period. Second, due to the small number of
patients, further studies are required to clarify the potential applications of bothmethods.

5 Conclusions

This pilot study suggests that rPPG and aCRT techniques show promise as tools for
accurately evaluating peripheral perfusion changes during fluid resuscitation in critically
ill COVID-19 patients. However, further studies are required to reveal the applications of
both methods in larger patient populations and to develop guidelines for their utilization.
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Abstract. Chronic venous insufficiency occurs in 84% of the population. Meth-
ods, which employ external magnetic fields to enhance blood circulation, are used
widely. However, the wired coils surrounding the blood flow could harvest the
generated magnetic fields to use them for treatment. Such an approach has not
been verified yet. The research aims to explore the possibility of the harvested
field influence on blood circulation.

For this wired coils surrounded an extremity and the blood circulation in the
extremity was identified using the rheography technique. The achieved results
show that the rheography signal changed when the coil was used.

1 Introduction

Chronic venous insufficiency (CVI) occurs when the venous wall and/or valves in the
veins of the extremities are not working effectively, causing difficulties to return blood
to the heart from the extremities [1]. 84% of the population suffers from CVI [1].

External magnetic field enhances blood circulation in human extremities [2]. The
applied fields have a low frequency (1–120 Hz) and induction (10–7–10–5 T) [2].

Blood circulating in the vessels of a human produces a pulsed electrical current with
the same frequency as the heart rate (∼60 Hz). The current induces a weak magnetic
field ∼2 10–6 T [3]. These data are in accordance with the above values of frequency
and induction of the fields applied from external sources. Therefore, there is a possibility
to harvest the human magnetic field and redirect it back to the blood flow. In this case,
blood circulation could be influenced without any external magnetic field source.

Such an approach has not been verified yet. The research for the first time aims to
explore the possibility of harvesting human magnetic fields which could impact blood
circulation.
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2 Methods

2.1 Harvesting of the Magnetic Field

Ametallized coil was used to harvest the magnetic field. For this, the coil like a sock was
put on the leg of the subject. Electrically conductive outlets of the coil were arranged in
a perpendicular direction against the longitudinal axis of the leg.

The coil was made of a textile sleeve with woven electrically conductive threads
(conductive coil). The distance between the outlets was equal to 1–2 mm. The length of
the sleeve was ∼30 cm. The sleeves without the electrically conductive threads (non-
conductive coil) for placebo experiments were also fabricated. The sleeves with and
without the electrically conductive threads were structurally and visually alike.

Twelve volunteers aged 18 to 25 (7 male and 5 female) participated in the study. All
of them had similar heights (around 180 cm) and the length of their legs.

To intensify blood circulation in the legs, the volunteers were seating and were
requested to move ten times their legs up and down stretching the calf and hamstring
muscles. After that, the volunteers were seated for two minutes without any movement
to relax (bringing the blood circulation to normal condition).

The conductive and non-conductive coils were put on the legs alternatively. However,
the tested volunteer has not been informed about the specific coil that was put on the
leg. The coils were replaced in two minutes.

Measurements of blood circulation during movement of the leg and rest time were
done over three minutes.

Table 1 presents the consequence of the experiment stage to identify blood circulation
change under coil influence.

Table 1. Experiment stages.

# Right and left leg

1 Coil free/Rest

2 Conductive coil/Rest

3 Non-conductive coil/Rest

4 Conductive coil/Movements

5 Non-conductive coil/Movements

2.2 Blood Circulation Identification

Rheography poly-analysis (RGPA) was employed to assess changes of blood flow [4].
RGPA (also known as impedance plethysmography) measures the changes in the volume
of blood vessels through an alteration in their electric impedance caused by the blood
flow.

Measurements were done using the tool RGPA-6/12, REAN-POLY (Medicom, Rus-
sia). Ribbon (band) elastic electrodes connected corresponding places both at the right
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and left thigh and leg (Fig. 1). To bind the electrode to the skin the electro-conductive
gel (Spectra 360 electrode gel, Parker Laboratories, USA) adhered to the moist skin
(possibly sweated because of physical exercising) was used.

The measurements were done immediately after the exercises. To ensure that the
electrodes were in connection with the skin, the volunteers were required not to make
any movements during the recording. The volunteers located in a dimly lit room on a
comfortable couch, and the experimental area was adjusted to reduce the subject’s stress
and anxiety.

Fig. 1. Scheme of the electrodes standard binding: T and L –electrodes used for the research.

2.3 Processing of Acquired Data

Figure 2 presents an example of in-time (t) measured voltage (V) at some kind of
electrode.

Fig. 2. Example of the V(t) diagrams.

In spite of the frequencies of the signals being similar in general, the voltage detected
for the case of the conductive coil demonstrates the specific thin structure circled in Fig. 2.
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The amplitudes of both the main harmonics and thick structures varied stochastically.
The amplitudes of the V(t) diagram measured for the non-conductive coil fluctuated
too. Therefore, a statistical contrast of the V(t) diagrams recorded for the cases of the
conductive and non-conductive coils was employed. The data were collected with 4 ms
measurement intervals for in Table 1 three-minute length of V(t) recording. As a result,
the amount of the acquired numbers for the single experiment stage was equal to 45000
for each leg. Because of this, a comparison of statistics acquired for both conductive and
non-conducted coils was achieved with a significance level ≤ 0.05.

To determine the impact of the conductive coil on blood circulation the statistical
distributions of V values correspondingly collected for the conducted (SDC) and non-
conducted (SDNC) coil cases were compared. A discrepancy between SDC and SDNC
was classified as the influence of the conductive coil. The χ2 test was applied to collate
SDC with SDNC.

The values of V in the diagrams Fig. 2 are modulated with a wave-like process
(dotted line as the example for the V(t) graph related to the non-conductive coil) which
is connected with breathing. The dotted line was assumed as the baseline. To build it for
the V(t) graphs, the Origin 2018 software was used. The baseline was subtracted from
V(t).

3 Results

The achieved results for the stages in Table 1 are presented in Table 2.

Table 2. The number of cases (%) indicated the influence of the conductive coil on blood
circulation

Compared experiment stage (Table 1) Compared actions Right leg Left leg

Electrodes for rheography

T L T L

1–2 Rest-Rest 100 100 100 100

1–3 0 0 0 0

2–3 100 100 100 100

4–5 Movement-Movement 100 100 100 100

The non-conductive coil does not have an influence on blood circulation in the rest
of the leg (stages compared: 1–3). In contrast, the conductive coil changes circulation
(stages 1–2 and 2–3). In the case of leg loading the conductive coil influences too.
However, the non-conducted one does not (stages 4–5) impact the circulation.

4 Conclusion

The conductive coil put on ahuman leghas an influenceon rheography electrical potential
statistics. This is the evidence that metallized coils put on the human leg influences blood
circulation.
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Abstract. The current assessment of upper limb apraxia consists in administering
tests to patient, using analog instruments. The use of immersive Extended Reality
(XR) environments allows the evaluation of such tests in a quantitative manner
and not relying solely on the medical observations. The objective of the study is
to provide a tool to support the assessment of hand apraxia using an immersive
simulation scenario. The focus of the study is, therefore, to evaluate a hand tracking
system, for analyzing the patient’s interactions with the virtual environment, while
performing apraxia assessment tests. It was necessary to preliminarily test the
system on a pathology-free subject to verify its suitability for clinical objectives.
Thanks to the trajectories stored by the hand tracking system, it is possible to
estimate aminimum threshold value fromwhich the detectionmade by the camera
can be studied. Since this is a preliminary study, it is not possible to return results
on the main objective. It can be seen from the results obtained that the selected
hand tracking technology proves capable of providing the information required by
the apraxia assessment. Further testing campaigns on specific patients and further
interventions to improve the virtual environment are needed.

Keywords: Extended Reality · Hand Tracking · Apraxia · Virtual Reality

1 Introduction

Limb apraxia is a disorder of skilled movement that is characterized by difficulty per-
forming purposeful movements with one or both hands in the absence of elemental
motor deficits such as weakness or abnormal tone [1]. Limb apraxia has been primar-
ily studied in patients with dementia or left hemisphere stroke (LHS). However, limb
apraxia has also been reported in patients with right hemisphere stroke (RHS), mul-
tiple sclerosis (MS) or traumatic brain injury (TBI) [2]. Currently, the assessment of
apraxia, in particular constructive apraxia, involves the administration of tests to the
patient, such as imitating gestures, and evaluating their performance. These tests are
typically performed using analog instruments [3]. Constructive apraxia presents as an
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isolated disorder of performing free or copied drawings or constructive, two- or three-
dimensional tasks. The disorder may also be observed when performing puzzles or
when copying figures, especially geometric ones. This ability may be impaired as a
result of brain injury [4]. For many years, information and communication technologies
(ICTs) have been assisting healthcare professionals in the process of diagnosis, treat-
ment, monitoring, drug prescription, referral, information retrieval and communication,
documentation, and transactions [5]. Emerging technologies, such as eXtended Reality
(XR), also have numerous applications in biomedicine that are driving innovation in
both basic research in the field and in healthcare. Extended reality refers to a set of
methods that allow users to be immersed in a 3D or 4D (spatial and temporal) virtual
environment at various levels, including virtual reality (VR), augmented reality (AR)
and mixed reality (MR). While VR allows the user to be fully immersed in a virtual
environment, AR and MR superimpose virtual objects on top of the real physical world.
Although XR has broad applications in fields such as entertainment and education [6,
7], it also presents numerous opportunities in biomedicine that drive innovation in both
basic research and healthcare. Current trends have demonstrated its widespread use in
several areas, including biomedical data visualization and analysis, medical training and
education, surgical procedures, digital therapy, rehabilitation, and telemedicine. Unlike
conventional methods, XR adds an additional dimension that enables user-directed oper-
ations in an immersive and interactive context. For instance, in clinical settings, XR can
facilitate faster education, training, and planning due to its immersive and interactive
environment, simulating situations in which users can realistically practice for high-risk
procedures such as surgery. The advantages of XR also enable the creation of digital
therapies, for example, for anxiety and pain management, as the immersive interac-
tion distracts users [8]. By providing a realistic and controllable simulation scenario
with a high sense of presence, the use of immersive extended reality environments also
allows tests for the diagnosis of constructive apraxia to be evaluated quantitatively, rather
than solely relying on medical observations. The objective of the study is to provide a
tool to support the assessment of hand apraxia using an immersive simulation scenario.
Immersive scenarios and interfaces offer powerful experiences based on visualization
and interaction design transforming the sense of space [9]. The need for testing with a
high level of realism and intuitiveness in interaction with XR environments led to the use
of a Natural User Interface (NUI). NUI was created to improve users’ interaction with
the system by using natural body movements to perform actions. The “natural” property
does not refer to the interface, but to how users interact with it and what they experi-
ence using it [10]. Specifically, interaction techniques based on hand gesture recognition
were applied. They are an important part of Human Computer Interaction (HCI), which
gives computers the ability of capturing and interpreting hand gestures and executing
commands afterwards [11]. This can be done through analysis of images captured by
cameras or electromyographic signals detected by specific wearable devices [12, 13].
Furthermore, to analyze in detail the patient’s interactions with the virtual environment,
a hand-tracking system was necessary when performing apraxia assessment tests. This
system enables users to see a virtual representation of their hands in the digital envi-
ronment that is updated in real time [14]. The focus of the study is to evaluate a hand
tracking and gesture recognition system. This is done in preparation for the possibility of
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submitting the prototype to an ethics committee of a healthcare facility for review. The
acceptance of the prototype by the committee is a mandatory step to test and validate the
tool on patients with apraxia. This introduction will be followed by a section on a brief
analysis of the current state of the art, a description of the technologies employed and
the system developed, a discussion of the results obtained, and, finally, the conclusions
drawn and potential future avenues of research.

2 Related Work

Upon conducting a search for the keywords “Extended Reality” and “Apraxia” in major
databases, few or no relevant results were found. Expanding the search to include all
neuromotor disorders or using more outdated terms such as “virtual” and “augmented
reality” yields more results, but they do not always provide useful background infor-
mation or align with the focus of the present study. The literature examined reveals a
strong focus on rehabilitation following neurological disorders, particularly stroke. This
may be because grants are awarded to researchers who seek to address these universal
problems. Upper limb research is more widespread than lower limb research and more
diverse, routinely focusing on individual joints and muscles, which can be explained at
least in part by the importance of hands for daily activities and independence [15]. XR
has been shown to increase therapy time for post-stroke carewithout additional workload
for therapists [16]. Immersive virtual environments have also been used to study limb
apraxia via EEG [17]. AR has been employed for studying apraxia in tool usage, with
visual stimuli shown to improve performance by facilitating access to the appropriate
motor program in patients [18]. Some pilot studies suggest that virtual reality can aid in
the rehabilitation of patients with buccal-facial [19], ideomotor [20], and constructive
apraxia [21], but further validation and testing are required. From the research conducted,
it appears that no previous studies have focused on the study and evaluation of trajec-
tories detected through the Vive Hand Tracking system in the context of apraxia. The
hand tracking capabilities of the same company’s visors are typically achieved through
proprietary controllers and trackers [22] or by integrating the device with LeapMotion
[23]. The only existing scenario in which the system was used on patients with apraxia
focused solely on rehabilitation rather than diagnostic assessment and only involved a
single patient [20].

3 Materials and Methods

3.1 Hardware Platform

The platform used for the preliminary system study is based on a high-performance
graphics workstation capable of supporting the HTC Vive [24], a wired VR device
produced by Valve in collaboration with HTC. The commercially available kit includes
a visor, two controllers, and two base stations that use “Lighthouse” technology to track
the user’s position and movement in physical space and replicate them in the virtual
world. The base stations generate an infrared grid in physical space, which interacts
with the 70 sensors on the HMD and controllers, allowing the user to move freely and
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naturally in a 5-m × 5-m area. The HMD connects to the PC via a USB 3.0 port and an
HDMI port and requires a power source via the supplied cable. The base stations must
also be connected to a power source. The HMD [25] includes two 1080 × 1200-pixel
AMOLED (Active Matrix Organic Light Emitting Diode) screens and has a refresh rate
of 90 Hz, a field of view of 110°, and a pair of non-circular Fresnel lenses that adjust the
user’s interpupillary distance (IPD). The HTC Vive has the advantage of performing all
processing on the machine to which it is connected, without imposing any limitations
on the app to be developed. Additionally, it allows on-screen monitoring of everything
that the subject sees and does in the virtual environment, which is one of the main
requirements of the developed prototype. The device also allows for intervention in
the game with on-screen mouse clicks and using graphical elements not visible in VR.
However, this issue is not relevant in the designed prototype as it only targets the upper
limbs and not the motion of the lower limbs.

3.2 Software Development

The preliminary system study was conducted using the Unity platform [26]. Unity is
a cross-platform graphics engine developed by Unity Technologies that allows real-
time development of video games and interactive content. Compared to other graphics
engines, Unity offers a wide range of plugins and SDKs that facilitate virtual reality
creation and interaction as well as an extensive developer community, web-based tuto-
rials, documentation, and examples [27]. Connecting Unity to the Vive headset and its
accessories can be done quickly and easily with the OpenVR System Development Kit
(SDK) and its SteamVR management interface [28]. To meet the system’s requirement
of free upper limbs movement in the virtual environment without additional devices
(e.g., controllers or trackers), the only SDK available from the proprietary company for
this purpose was the Vive Hand Tracking SDK [29]. A GUI has been developed within
the VR environment. It includes a timer that starts as soon as the doctor starts the game
and will stop only when the game is finished; a counter of the tiles that the user has put
back into the correct position. The design in [30] for 2D games was used to divide the
image into perfectly fitting puzzle tiles. It was then necessary to make the changes to
the objects and scripts of the game to use it in a VR environment.

3.3 Experimental Setup

The system involves two actors: the medical staff and the user (or healthy subject).
Themedical staff is responsible for properly setting up the HTCVive in the room and

guiding the user in positioning and lowering the VR helmet. He or she is also responsible
for starting the application and, with the timing he or she deems appropriate, initiating
the game and evaluating its possible interruption. The user’s task is to reconstruct the
puzzle. As soon as the clinician deems it appropriate, he/shewill initiate the game session
in which the artwork will crumble into 40 puzzle tiles that must be put back into their
starting position. The testing phase was carried out by a healthy male individual between
the ages of 35 to 40.When administering the test to users, special carewas taken to ensure
that they did not encounter any physical obstacles in their surroundings, thus ensuring
total freedom of their upper limbs.
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4 Results

The positions that both limbs took during the session were recorded in a csv file using
the hand tracking and gesture recognition system. Specifically, the paths taken once a
puzzle card was grasped until it was released were recorded. The grasping and release
of a card occur with two distinct gestures that upon recognition activate the system to
track a central point in each palm of the hands processing 90 fps [29]. The coordinates
recorded are two-dimensional since in the virtual environment it is not allowed to move
the tiles outside the game board. To validate the hand tracking system, it was assumed
that in a healthy subject the motor planning of the trajectories to be performed would
have to be very close to the ideal trajectory, that is, the length of the segment that is
obtained by calculating the Euclidean distance between two pairs of points in space. The
real trajectory was, on the other hand, calculated by applying the Euclidean distance
formula to each pair of points traversed by the user after grasping a tile. We define the
absolute error as the difference between the length of the path taken and the ideal path.
To be able to compare errors, it is necessary to eliminate their dependence on the length
of the path. Therefore, we use the relative error, i.e. the normalization of the absolute
error on the basis of the length of the ideal trajectory. By illustration, we report graphs
for the left hand but reflecting the behavior of the right hand. From the graph in Fig. 1
It is easy to see that it is very small relative errors that are most frequent. This confirms
the initial thesis, according to which a healthy user should have made trajectories very
similar to the ideal ones. In order to be able to estimate a minimum threshold value from
which the camera detection can be studied, the path lengths corresponding to the most
frequent relative errors, i.e. those with more than 80 occurrences and those with more
than 60 occurrences (Fig. 2) within a game session, were identified. It is evident that in
both ranges of relative errors, the displacements involved are close to half a centimeter in
length and therefore insignificant for the purposes of any clinical evaluation. The small
relative errors could be caused either by inaccuracies in the detection system or could
be due to the human being.

Fig. 1. Frequency of relative left-handed errors in a playing session
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Fig. 2. Frequency of path lengths with relative error in intervals A and B

5 Conclusions and Limitations of the Work

Since this is a preliminary study, it is not possible to provide results on themain objective.
The results may say that the chosen hand tracking technology may be able to provide
the necessary information for the assessment of apraxia. To confirm this hypothesis, it
is necessary to conduct a test campaign on a significant experimental sample of healthy
subjects. A time-correlated analysis of the data and an expansion of the pool of outliers,
so far limited to the detection of the two gestures in the same spatial coordinates, may
also be useful.

This preliminary study is preparatory to the possibility of submitting the prototype
for consideration by an ethics committee of a health care facility. Acceptance of the
prototype by the committee is a mandatory step to be able to test and validate the
tool on patients with apraxia, developing other specific scenarios with the hardware
and software tools described here. Interaction with such new environments would also
permit expansion of the gestures to be performed and recognized. The analysis could be
useful for application of the tracking system in other fields as well. Early detection of
the disease can help slow down its course and significantly improve patients’ quality of
life: in particular, mitigating the effects of the disease can prevent patients from losing
basic limb and hand functions, enabling them to maintain a good level of independence
in daily life and efficiency at work for longer. From a scientific point of view, the use
of the application opens possibilities beyond supporting the diagnosis and rehabilitation
of individual patients. Once many patients with apraxia are reached, the data collected
by the platform could allow the discovery of specific features of the disease that are
currently unknown. Inferential statistical analysis could allow the identification of new
patterns and trends in the overall evolution of the disease. In addition, comparison with
traditional neurological scales could lead more skeptical medical personnel to gradually
gain more confidence in the system, on the one hand, and suggest the development of
more robust integrated models, on the other.
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Abstract. In medical education and training, extended reality-based simula-
tors have grown in popularity. In many countries, trainee ophthalmologists and
optometrists develop their ophthalmoscopic skills using interactive scenarios with
different eye fundus conditions shown via extended reality headsets. This posi-
tively affects learning outcomes and students’ confidence levels. Less is known
about user experience. Therefore, we aimed to assess the objective and subjective
parameters of user experience to elucidate the effect of using an extended reality-
based ophthalmoscope simulator on human vision and user comfort. To the best
of our knowledge, this is the first assessment of visual aftereffects and asthenopia
complaints following the use of an extended reality-based ophthalmoscope sim-
ulator. On average, the near point of convergence, amplitude of accommodation,
and fusional reserves did not change considerably in participants with normal or
corrected-to-normal visual acuity following the training in extended reality.Never-
theless, some changes were observed in accommodation lag andmicrofluctuations
at near. Moreover, the discomfort increased for some participants more than for
others. Overall, the most widespread complaints were headaches, dry eyes, and
eye strain. To reduce the potential discomfort, users can be recommended to follow
the changes in their comfort and take breaks regularly.

Keywords: extended reality · ophthalmoscope simulator · human vision ·
accommodation · user comfort

1 Introduction

Extended reality (XR) technology, including virtual reality (VR) and augmented reality
(AR), has been increasingly used in various fields such as education and healthcare.
Particularly, its ability to generate three-dimensional environments and ensure immersive
experience can foster medical training, allowing students and medical professionals to
learn and practice in a safe and controlled environment.

Eyesi indirect ophthalmoscope simulator is the latest tool which is based on video
see-through AR. The implementation of ophthalmoscope simulators in ophthalmology
and optometry training has been shown to improve clinical skills and diagnostic accuracy
when combined with traditional learning methods [1–4]. Moreover, it has been reported
to positively affect students’ attitude towards studies and their level of confidence [3, 4].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
Y. Dekhtyar and I. Saknite (Eds.): NBC 2023, IFMBE Proceedings 89, pp. 370–376, 2023.
https://doi.org/10.1007/978-3-031-37132-5_47

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37132-5_47&domain=pdf
https://doi.org/10.1007/978-3-031-37132-5_47


Training Ophthalmoscopic Skills in Extended Reality 371

Nevertheless, there has been limited focus on the fact that this simulator relies on
technology that may pose challenges to the human visual system. Specifically, prolonged
viewing of stereo digital content through near-eye displays has been shown to negatively
affect ocular accommodation and vergence [5–7], and user comfort [6, 7]. While the
adverse effects are generally short-term in nature [5, 6], there is a lack of long-term
studies thatwould allow to elucidate the potential impact of repeated exposure to near-eye
displays on visual health.

Understanding the impact of using stereo XR technology on humans is crucial for
optimizing its usage and minimizing potential adverse effects [8]. Therefore, we aimed
to assess the objective and subjective parameters of user experience to elucidate the
effect of training ophthalmoscopic skills in XR on human vision and comfort.

2 Method

2.1 Participants

Sixteen ophthalmology and optometry students with a mean age of 25 ± 5 years were
included in the study. None of them had previous experience of using the XR-based
ophthalmoscope simulator. All participants underwent an eye examination to confirm
that the following inclusion criteria are met:

• visual acuity at far and near is at least 1.0 (in decimal units), measured using a Snellen
eye chart;

• no binocular vision and accommodation disorders.

The study was approved by the Ethics Committee of the University of Latvia and
conducted according to the principles of the Declaration of Helsinki. Participants pro-
vided written informed consent before participating in the study. Confidentiality and
anonymity were ensured throughout the study by assigning a unique identification code
to each participant.

2.2 Experimental Setup

The training of ophthalmoscopic skills was performed using the Eyesi indirect ophthal-
moscope simulator (VRmagic Holding AG, Mannheim, Germany). It utilizes near-eye
displays mounted in the headset that allows the front-located head model to be seen as a
three-dimensional simulation of a patient’s face. The participants wore the headset and
had access to two magnifying lenses (16× and 20×) that were required to be correctly
placed in front of the head model to examine the eye fundus. Additionally, there was a
touch screen that displayed the user interface and a live view of the examination.

During the 40-min training, the participants’ task was to identify location of all the
colored geometric shapes arranged in the eye fundus images (see Fig. 1). The abstract
cases built in the simulator program were used for this purpose.
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Fig. 1. A person using the Eyesi indirect ophthalmoscope simulator.

Before and immediately after the training in XR, the set of measurements was
performed in the following order:

1. objective measures of visual functions,
2. subjective measures of visual functions,
3. subjective assessment of discomfort.

The eye refraction at far (6 m), accommodation response at near (33 cm), and
microfluctuations at both near and far distances were assessed as objective measures
using the PowerRef3 device. The PowerRef3 eccentric photo refractometer (Plusoptix
GmbH, Nuremberg, Germany) provided real-time measurements of eye refraction at a
sampling rate of 50Hz. The spherical measurements were conducted in 0.01D steps, and
to ensure precise measurements, the light condition was regulated individually to main-
tain a pupil size between 4 mm and 8 mm. Detailed information about the calculations
can be found in our previous studies [9, 10].

The subjective measures of visual functions including accommodation amplitude,
near point of convergence, and break points of near fusional reserves (base in and base
out) were assessed using standard clinical tests as described in [11] by using RAF
ruler and prism bar. All visual functions were analyzed using a non-parametric test,
the Wilcoxon signed-rank test [12], to identify any significant changes in response to
training in XR. The statistical significance was set to p< 0.05 (95% confidence interval).

The subjective assessment of discomfort was performed using the symptom ques-
tionnaire. It included eleven questions. Seven symptomswere selected from the Sickness
Simulator Questionnaire developed by [13] and broadly adopted for the assessment of
user experience in the digital immersive environments [14, 15]. Those were fatigue,
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headache, eye strain, nausea, difficulty concentrating, blurred vision, and dizziness
(eyes open). Four more symptoms (eye pain, dry eyes, double vision, and drowsiness)
were included inspired by the research done by [7]. For each symptom, the participants
assessed its relevance and severity by choosing one of the responses: none (0), slight (1),
moderate (2), severe (3), and very severe (4). For the further analysis of changes in user
comfort, difference in symptoms (after – before) was calculated and described as slight
improvement (−1), no changes (0), slight deterioration (+1), moderate deterioration
(+2), and severe deterioration (at least + 3).

3 Results

Thevisual functions of participantswere assessedusingobjective and subjectivemethods
before and after 40min of training inXR. The corresponding results are shown inTable 1.

Table 1. Summary of the changes in visual functions before and after using the Eyesi indirect
ophthalmoscope simulator for 40 min.

Visual functions Before After p-value

Eye refraction at far, diopter −0.43 (0.62) −0.39 (0.81) 0.28

Accommodation lag, diopter 1.8 (0.7) 1.7 (0.7) 0.04

Accommodation microfluctuations at near, diopter 0.11 (0.11) 0.13 (0.07) <0.001

Accommodation microfluctuations at far, diopter 0.05 (0.02) 0.06 (0.05) 0.25

Accommodation amplitude, diopter 9.0 (3.5) 10.0 (4.5) 0.19

Near point of convergence, cm 5.5 (3.0) 5.8 (3.8) 0.54

Near fusional reserves (base in), prism diopter 16 (5) 16 (5) 0.79

Near fusional reserves (base out), prism diopter 18 (20) 23 (22) 0.21

Data presented as median (interquartile range). P-values calculated using Wilcoxon signed-rank
test.

Overall, the use of the Eyesi indirect ophthalmoscope simulator led to a change in
accommodation lag, suggesting that the accommodation response was slightly stronger
after training in XR compared to the pre-XR situation. While considerable differences
in accommodation microfluctuations at near were noted, the accommodation microfluc-
tuations at far remained more stable on average. Moreover, similar to eye refraction at
far, no significant differences were detected in subjective measures of visual functions.

In addition to the objective and subjective measures of visual functions, we explored
the relevance and severity of different symptoms before and after the use of the simulator.
As seen in Fig. 2, most participants showed slight to no changes in the symptoms, while
moderate deterioration in user comfort was primarily associatedwith headache, dry eyes,
and eye strain. Across all participants, there were several cases of severe deterioration
in user comfort, specifically related to nausea, difficulty concentrating, dry eyes, and
double vision.Nevertheless, someparticipants initially reportedminor discomfort,which
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later decreased. For instance, there were four cases of slightly reduced drowsiness. As
there was one case of reported visual disturbance (slightly blurred and double vision)
before the training in XR, it should be emphasized that all participants underwent an
eye examination and met the inclusion criteria, but they were also free to report any
symptoms they experienced just prior to the start of the training.

Fig. 2. The changes in user comfort following the 40-min use of the Eyesi indirect ophthalmo-
scope simulator are shown for each of the eleven questionnaire items.

4 Discussion

The XR-based simulations are considered valuable for training clinical skills, and their
popularity grows. As more people start using XR technology for different purposes, it
becomes increasingly important to understand how to use it properly to avoid potential
harm to visual health.

We conducted a study to assess the user experience of ophthalmology and optometry
students training clinical skills in XR. Our main focus was to elucidate how the use of
the Eyesi indirect ophthalmoscope simulator for 40 min affected visual functions and
user comfort in individuals with normal or corrected-to-normal visual acuity. As a result,
statistically significant (p < 0.05) changes have been found in several visual functions.
Specifically, the accommodation lag decreased, and accommodation microfluctuations
at near increased after the training in XR compared to the pre-XR baseline. Moreover,
user comfort moderately to severely worsened for some participants.

Over the years, extensive research has been conducted to investigate the impact of
using near-eye displays on the functionality of the human visual system. However, a
consensus has not been reached due to the variability in the methods and results of
these studies, e.g. [5–7, 11]. Our study indicates that the objective measures of ocular
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accommodation may be more useful for the assessment of user experience and visual
ergonomics of the digital immersive environments compared to subjective measures.

Additionally, our study highlighted that changes in user comfort when using near-
eye displays vary among individuals, reflecting the variability of their reactions. While
most participants had moderate to no changes in symptoms, some experienced notable
discomfort after training ophthalmoscopic skills in XR for 40 min. This finding has
important implications. Firstly, before incorporating XR technology with near-eye dis-
plays into ophthalmology and optometry program curricula, it is necessary to verify if
students’ visual functions and sensitivity to visual stress allow for their use. Secondly,
students should be advised to actively monitor their comfort and take regular breaks
during training. To further advance our understanding of user experience in XR, future
research should investigate the association between measures of visual functions and
changes in user comfort.
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Abstract. Modeling the optical properties of biological structures allows the
development of novel biocompatible materials. Using two different approaches,
we were able to extract a closed-form mathematical expression that accurately
models the refractive index of two distinct biological materials. Our approaches
rely on Symbolic Regression (SR), a generic numerical implementation based on
Genetic Programming (GP) that does not require any initial assumptions about
the algebraic form of the model under search. We explore the possibilities and
limitations of our SR approach, and the possible extension to solve more complex
configurations.

Keywords: Genetic Programming · biomaterials · refractive index · reflectance ·
thin film

1 Introduction

The design of novel materials by mimicking biological structures, and by possibly con-
trolling their optical response, has beenquite a successful approach in the last twodecades
[1]. Optical biomimetics has yielded promising results in the development of bioinspired
and highly engineered optical materials [2, 3]. Nevertheless, the optical properties of
organic materials, as those that mimic human tissues have been poorly investigated. To
better understand the mechanical and optical properties of those materials, which would
lead to further improvement, a number of theoretical methods have been developed.

Recently, Machine Learning (ML) methods have been used in biomaterials research.
Approaches based on Deep Learning (DL) have proven to be very effective in the devel-
opment of innovative biomaterials [4]. However, DL does not provide a mathematical
expression that relates the different variables implicated in the specific studied system,
and it requires knowing the algebraic form of the model. We propose the alternative use
of Symbolic Regression (SR) analysis. In this method, a closed-form expression (i.e.
an equation) is obtained, and no assumptions about the system are required. Recently,

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
Y. Dekhtyar and I. Saknite (Eds.): NBC 2023, IFMBE Proceedings 89, pp. 377–384, 2023.
https://doi.org/10.1007/978-3-031-37132-5_48

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37132-5_48&domain=pdf
https://doi.org/10.1007/978-3-031-37132-5_48


378 J. Sierra-Vélez et al.

SR was successfully used to model the optical properties of transparent and absorb-
ing dielectrics [5]. Motivated by the potential of the method, we consider it a suitable
approach for the study of organic biomaterials.

Thiswork is organized as follows: Sect. 2 is devoted to the formulation of the problem
and to briefly outline the methods we employ throughout our numerical simulations. In
Sect. 3 we discuss typical results obtained when we retrieve the optical properties of the
materials considered. We give our concluding remarks in Sect. 4.

2 Formulation of the Problem and Methodology

2.1 Statement of the Problem

Although therewould not be evident limitations considering biological structures such as
hair [6], nails, or skin [7], their complexmorphologywould increase the complexity of the
problem, as specificmethods are required to compute their spectral response. This would
deviate the attention from the main objective of this contribution, which is to illustrate
the potential of SR when use to find the closed-form expression that characterizes the
optical properties of a given material. Let us then consider the geometry shown in Fig. 1.

Fig. 1. Scheme of the structure studied in this project.

The unsupported thin film in Fig. 1 is made of a non-absorbing, isotropic, homoge-
neous, and dispersive material with a refractive index nm(λ). The film has a thickness d
and it is surrounded by air (nair = 1.0). Also, we consider the geometry invariant along
the y direction. Our objective is then to retrieve a closed-form expression that models
the dispersive refractive index of the film in Fig. 1.

2.2 Symbolic Regression

Symbolic Regression (SR) is a method that finds a mathematical expression that relates
the data within a given set, without previous knowledge of the data’s nature [8]. The
choice of SR, as the most suitable method for our study, stems from the fact that it
does not require any preliminary hypothesis about the algebraic form of the closed-form
expression to be retrieved.



Retrieving the Refractive Index of a Biological Material 379

Although detailed descriptions of the operational principles of SR can be found
elsewhere [8], for the sake of completeness we consider it convenient to briefly outline
them in this section. SR is a technique that identifies a mathematical expression that
fits interval-valued data [9]. The SR scheme to be used throughout this work is based
on Genetic Programming (GP) [10] and we employ an open-source Python machine-
learning library known as “gplearn” [11].

The flux diagram in Fig. 2 shows the main stages of the regression process.

Fig. 2. Flux diagram of the SR optimization process based on Fig. 1 after [5].

The first step is to randomly generate an initial population of size μ composed by
functions f SR that, in the present case, represent the physical dispersionmodel we sought
to retrieve. Each f SR is defined by a combination of variables, constants, and allowed
operations such as addition, subtraction, multiplication, or division. Some elements
from this initial population are then randomly selected to undergo genetic operations of
variation, such as recombination and mutation [9], to allow the evolution of the initially
predicted functions.

Next, each modified function f SR is evaluated on the problem’s domain (λ in this
problem), and the refractive indices nSR predicted by the different f SR are compared with
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the reference or target data nT. The metric used to perform the comparison is the Mean
Absolute Percentage Error (MAPE), which assigns a fitness value Eq. 1 to each f SR.

fitness = 1

N

∑
λ

∣∣∣∣
nSR(λ) − nT (λ)

nT (λ)

∣∣∣∣ (1)

where N are the number of wavelengths λ considered.
When the fitness valuematches a stopping criterion or amaximumnumber of genera-

tions is reached, we considered that the closed-form expression thatmodels the refractive
index had been found.

3 Results

In this section we assess the performance of our SR scheme. Although for space reasons
we only consider two different biological materials, the results of extensive numerical
simulations suggest that the application of our SR approach could be extended to more
complex cases.

In order to proceed in a gradual way, we divide this section into two case studies,
where the aim of both is to find the closed-form expression that models the refractive
index of the material under consideration. In the first case, that we denote as “direct
approach”, we search for the model directly from the refractive index models reported
in the literature. In the second case, we search for the model from spectral data, e.g.
reflectance, transmittance or absorption spectra, which often are the only experimental
information that has been reported. We denote this second case as “indirect approach”.
This is due to the fact that the fitness function compares the target spectrum, generated
considering the reported data, with the spectra generated with the refractive indices
predicted by the SR.

We make use of Eq. 1 to measure the closeness between the target indices and those
predicted by the SR. Also, to facilitate the visualization of our results, we establish
the following notation: m denotes the materials, nTm(λ) is the target index, nSRε

m (λ) and
nSRRm (λ) respectively represent the closed-form expressions found through the direct and
the indirect approaches.

3.1 Target Data

We take as target the refractive index of two distinct biological materials: keratin and
chitin. The refractive indices of these non absorbing materials are described by Cauchy’s
equation

nm(λ) = A+ B

λ2
(2)

where A and B are distinct real coefficients. For keratin, we use the values A = 1.532
and B = 5.89× 103nm2 obtained from white goose feathers [12]. For chitin, the values
A = 1.517 and B = 8.80 × 103nm2 were used, which were obtained from glass scales
of the butterfly [13].
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3.2 Direct Approach

In this case we search for the mathematical expression for the refractive index provided
by Eq. 2. The closed-form expressions, retrieved through the SR, for keratin and chitin
are respectively given by Eqs. 3 and 4

nSRRke (λ) = 1.522+ 15.718

λ
+ 162.333

λ2
(3)

nSRRch (λ) = 1.495+ 28.171

λ
(4)

Although is clear that Eqs. 3 and 4 involve fractions with the wavelength as the
denominator, their algebraic forms are not identical to that of Eq. 2. This could be
interpreted as a failure of the SR scheme. However, the visual comparison in Fig. 3
shows good agreement between the target indices and those predicted by the direct
approach. This means that SR provides a closed-form expression that accurately models
the dispersive behavior of the material considered. This fact can be useful in situations
where a well established model is not available or the existing models are not well suited
for the problem studied.

3.3 Indirect Approach

As mentioned in previous paragraphs, in certain situations one does not have access to
the ellipsometric data. It seems thus well worth exploring the possibilities of SR when
searching for the refractive index using spectral information. In this casewe take as target
the reflectance spectra generated when the structure in Fig. 1 is composed by keratin
and chitin.

In order to generate the spectra required for the indirect approach, we assume that
the structure in Fig. 1 is illuminated with a plane wave at normal incidence. Also, we
considered only visible light with wavelengths in the range of λ = [400,750] nm. As
stated previously, we consider non-absorbing materials. Therefore, we can compute the
reflectance spectra using Fresnel equations [14].

Let us note RT
m(λ) is the target reflectance spectrum generated with the target data

(Eq. 2), and RSR
m (λ) is the reflectance spectrum generated with each index nSRRm (λ)

predicted by the SR scheme. We can then rewrite the fitness function (Eq. 1) as

fitness = 1

N

∑
λ

∣∣∣∣
RSR
m (nm|λ) − RT

m(nm|λ)

RT
m(nm|λ)

∣∣∣∣ (5)

where the explicit dependence of Rm(λ) on the refractive index nm emphasizes the
indirect nature of this approach. That is, Eq. 5 compares the closeness between the
spectrum generated with the target index and the spectrum generated with the dispersion
models predicted by the SR.

The closed-form expressions retrieved from spectral information are given by Eqs. 6
and 7 for keratin and chitin, respectively.

nSRRke (λ) = 1.511+ 21.519

λ
+ 0.007

λ2
(6)
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nSRRch (λ) = 1.501+ 27.116

λ
(7)

As for the direct approach, the visual comparison in Fig. 3 shows good agreement
between the target data, blue dotted line, and the predictions of the SR, green crosses,
in spite of the difference in the algebraic form.

Fig. 3. Refractive indexes of a) keratin and b) chitin for the target data [12, 13] - blue dotted
line, and the values obtained by direct and indirect approaches of SR, orange triangles and green
crosses respectively. Reflectance spectrum of c) keratin and d) chitin obtained following Eq. 5,
for the target and retrieved refractive indexes.

It is important tomention, that despite the good agreement shown in Fig. 3(a, b), none
of the approaches studied provides a perfect fit between the target data and the indices
predicted by the SR scheme. This somewhat expected result is as a direct consequence
of SR’s operational principles, rather than to the physical nature of the processed data.
That is, throughout the regression process, the SR will search for the best combination
of operators that fits the target data, independently of its kind. Nevertheless, as is the
case for other metaheuristic methods, it is not possible to guarantee convergence to the
global optimum but to its neighborhood.
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4 Conclusions

In this study, we have successfully retrieved the closed-form mathematical expressions
that model the refractive index of keratin and chitin bymeans of SR. There are no evident
limitations to extend the potential of thismethod tomore complex configurations, such as
biological tissues that can be modeled as multilayers. Furthermore, mixed media, which
more accurately represent actual tissue, could also be modeled as having an effective
refractive index that depends on their relative concentrations.

Our findings have several implications for the modeling of biological structures.
SR enables the exploration of a vast search space of possible models, which can lead
to the discovery of previously unknown relationships. This has potential applications in
prosthetics and the cosmetic industry, where more realistic and bio-compatible materials
can be produced. However, it is important to note that the use of SR is not without
limitations, as it may suffer from overfitting and requires careful tuning of its meta-
parameters.

In conclusion, our study highlights the potential of SR as an effective tool for the
modeling and understanding of biological structures, with applications in bio-optics and
beyond. The ability to generate closed-form expressions that provide physical insights
into the underlying properties of the biological system under study is a valuable asset in
the field of optical modeling. Future work can build on our findings by exploring other
materials and including other physical parameters in the SR scheme.
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Baltrukonytė, Emilija 278
Banga, Beāte 25
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