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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 19" 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 and will 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 Magjarevic¢
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
conference was the first one held in Latvia back in 2008. In 2013, the IFBME International
Symposium on Biomedical Engineering and Medical Physics was dedicated to the 150th
anniversary of Riga Technical University. Both events were successful in presenting
achievements and new knowledge gained in a wide 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.

The NBC 2023 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-, and molecular technologies, personalized medicine, 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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The Impact of Engineering Enabling
Technologies on the Further Development
of Personalized Orthopedics

Miroslav Trajanovic(E) , 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, the main 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.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
Y. Dekhtyar and I. Saknite (Eds.): NBC 2023, IFMBE Proceedings 89, pp. 1-8, 2023.
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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 the Table 2 only first 15 engineering categories
are sorted and presented in descending order by the number of articles in which 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 OR Orthopedics OR Orthopedic OR Bones) AND Personalized (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 2023 were 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.
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Table 3. Frequency of top ten keywords related to engineering enabling technologies in
orthopedics.

Engineering technology Frequency

Additive manufacturing 26
3D Printing

—
W

3D bioprinting

Finite element analysis

Computed tomography

Machine learning

Computer aided design

Tissue engineering

Artificial intelligence

N | N | NN || 0| 0

Biomaterials

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. These materials 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 (AI203), 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, skeletal muscle, tendon, and ligament from allogeneic 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. The most 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 to more accurate and efficient surgeries with reduced risk of complications.
Similar approach can be used for a rehabilitation planning.

3D geometrical models 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 during which, by changing the parameters and material 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. Al 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.
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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 a method 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. Eye movements are essential in many 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 eye movements
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]. The DEM 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
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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 these methods evaluates a specific stage of eye movement 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 eye movement 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 x 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.

‘ } 0.72° *} 0.72°

€ (b)

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 and movement of stimulus in the measurements of horizontal (top left figure),
vertical (top right figure), and circular (bottom figures) smooth pursuit
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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, during which the subject was instructed to maintain 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 15¢ 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 (1°¢, 2", 37, and 4" to 6
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.
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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 specific method. 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 objective was
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 the method’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 Al
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 technology have 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 eye movements 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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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- to Middle Income Countries (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].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
Y. Dekhtyar and I. Saknite (Eds.): NBC 2023, IFMBE Proceedings 89, pp. 18-24, 2023.
https://doi.org/10.1007/978-3-031-37132-5_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37132-5_3&domain=pdf
https://doi.org/10.1007/978-3-031-37132-5_3

A Novel Algorithm for the Compensation of Hemoglobin Interference 19

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]. The main 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 (TEMD6200FXO01, Vishay, USA) was used to measure 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 wL 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.

465 nm .|:| 570 nm Optical sensor
LED LED - (Photodiode)

0,570 Ih465 / 1",570

RBC Filter NC membrane

Plastic support Serum/Plasma

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

A panel 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 | Hemoglobin [g/dL]
[mg/dL]
B_I_H_1 |50 0.21,0.23,0.21
B_1_H?2 0.32, 0.30, 0.30
B_1. H3 0.46, 0.46, 0.48
B_1_H 4 0.62, 0.57,0.59
B_I_H_S 0.68, 0.68, 0.71
B2 H 1150 0.16, 0.16, 0.16
B 2 H?2 0.27,0.30, 0.27
B2 H3 0.39,0.39, 0.39
B_2 H 4 0.50, 0.52, 0.50
B 2 HS 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 nm wavelength 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 (ARs7¢ and ARygs5, 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 ARs7¢
and ARyg5 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 Rs7¢, rer and
Russ, ref, respectively. For each of the other tests, AR570 and ARyes were calculated as
reported in Eq. 1 and Eq. 2, where Rs7¢, [1b] and Raes, [Hb) are the reflectance values for
a certain hemoglobin concentration at each wavelength.

AR570 = Rs70,ret — R570,[Hby (D

AR465 = Ryes,ret—Ra65,[Hb) 2

Subsequently, ARs79 and AR4g5 were correlated using a linear function. In such way,
a certain difference between Rs7¢, (b and Rs7o, ref could have been associated with
a difference between Rues, (b and Rues, rer, calculating the difference in reflectance
at 465 nm caused by hemoglobin. The ARugs5 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 AR46s5 and ARs79 (r = 0.85, p <
0.02); a linear equation was used to approximate this relation (Fig. 2).

2000

1500

1000 +

AR46s

500 T

AR570

Fig. 2. The linear equation used to approximate the relation between ARy45 and AR57¢ (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 (gg;, ).

No compensation After compensation

Sample Expected Measured e% Measured €9,
[mg/dL] [mg/dL] [mg/dL]

B_1_H_1 5.0 53 33 5.0 34
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_I_H 4 8.4 68.0 5.5 6.1
B_1_H5 9.7 94.0 5.7 11.0
B 2 H 1 15.0 15.9 1.8 14.6 4.6
B2 H?2 17.0 133 14.1 7.6
B_2 H 3 18.3 22.0 134 12.3
B_2 H 4 19.9 327 12.9 154
B 2 HS 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, a method for hemoglobin influence compensation on bilirubin measurement
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 pL.

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 2 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
36.3 mg/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, SpO», 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 acommon symptom that many 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, new methods, 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 SEMG were 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].

SsEMG 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 investigates whether the IMU can record these
changes. IMUs are a new generation of wearable devices with emerging applications in
human movement recording. The sSEMG 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 of Biomedical Engineering and Nanotechnology of Riga Technical
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 the mathematical representation of Euler 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 ®, rotation
about the y-axis by 6, rotation about the z-axis by V. In formulas (1), (2) and (3) these
angles are calculated from quaternions qg (scalar part), and qi, q2, q3 (vector part).

2(qoq1 + q293)

& = arctan .
1=2(q7 +43)

(D
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0 = arcsin(2(qoq2 — 9391)) 2)

2(q0q3 + q192
1 —2(q5 + 43)

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.

{r = arctan

3)

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.
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Fig. 3. Upper arm Euler angles. The angle 1 is the forward or backward rotation of the upper arm,
the angle ® shows the rotation about its axis and the angle 6 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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20

Angle, °©

200 400 600 800 1000 1200

-30 Number of measurement

Fig. 4. Lower arm Euler angles. The angle 1 is the forward or backward rotation of the lower arm,
the angle ® shows the rotation about its axis and the angle 6 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 ({1, ®1, 61) 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.

Itis 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 that when muscle 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 | IMU from forearm IMU from upper arm sEMG
values ®,° 0, ° W, ° ®.° ©,° W, ° 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 |1 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 | —7.31 293
SD 4.15 0.94 332 | 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 1091 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 during muscle 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 | IMU from forearm IMU from upper arm sEMG
values
P, ° ®,° v, ° d,° |06,° v, ° mV*10~!
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 | 4.38 349 5.70 1.56
arep 92.7 97.57 93.56 | 86.47 | 87.41 |8245 |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 of mentally 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 typical methods 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 x 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. The movements 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.

(b) . a, b: infrared cameras

d, e: handheld controllers

| —

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_DualCameralmageCapture 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.I. [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:

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

e Digital 3-axis High Dynamic Range (HDR) accelerometer (up to 400 g);

e Temperature (accuracy up to +0.1 °C, —40...125 °C) and relative humidity (accuracy
up to £1.5%RH, 0...100%RH) sensors;

e Digital barometer (accuracy 0.5 hPa, 260-1260 hPa);

e Light and proximity sensor (0.0022—73000 1x, 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 x 69 mm x 69 mm) is able to know the position and orientation of the tools
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887 mm

1336 mm

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.

The Vicon Bonita [6] tracking system provides 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° x 66.85° and a narrow angle of view measuring 32.7° x 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 heterogeneous materials in a single multilayer 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 the monitoring 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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piezoresistive material can be chosen from a variety of different options. Some prototypes
use Velostat or Lingstat 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
elastomer matrix 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 piezoresistive materials were chosen for the current study: EeonTex LTT-
SLPA 60 k2 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<2 (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/m? 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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Fig. 1. Structure of the Sefar Carbotex fabrics at 100x magnification.
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Table 1. Properties of Sefar Carbotex fabrics

Product Mesh opening | Open area | Mesh count, | Mesh count, | Weight | Thickness
[m] [%] warp [n/cm] | weft [n/cm] [g/mz] [wm]
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 Q/sq.,
its thickness is 0,702 mm and its area density is 83 g/m? [13].

Since the study is focused on PPE with a potential of high-energy impacts, a number
of sensors, which were tested, comprised an integrated reinforcing layer, which is formed
by a fibreglass mesh with the following properties: thickness 0,04 mm, mesh size 3 x
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 20 mm 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<2 resistor. Due to
limitations of the onboard memory, resistance is measured with 70 §2 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).
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Fig. 2. Static loading of EeonTex fabric: Fig. 3. Dynamic tests, EeonTex fabric: 3,5 J

0-100 N compression force (grey), resistance (green) and 7 J (orange) impactor energy.
in Ohms (black).

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

a. afiberglass 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 €2 in case of 3,5 J impactor and 20-30 €2 for 7 J impactor.
In case of Sample 4 the resistance was in the 10-20 €2 range for both impactors. Besides
that, signals had a similar slope.
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Fig. 4. Sample 1 separated by two fiberglass  Fig. 5. Sample 2 separated by two fiberglass
mesh layers: 3,5 J (green) and 7 J (orange) mesh layers: 3,5 J (green) and 7 J (orange)
impactor energy. 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 that were carried out with 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 €2 in case of 3,5 J and 70-120 €2 in
case of 7 J impact. Resistance of Sample 4 was even lower (50 €2 in case of 3,5 J and
20 2 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 piezoresistive materials
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 Fig. 7. Two layers of Sample 2 separated with
three layers of fiberglass mesh: 3,5/ (green)  three layers of fiberglass mesh: 3,5 J (green)
and 7 J (orange) impactor energy. 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 2 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.
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Fig. 8. Two layers of Sample 2 and one layer Fig. 9. Proprietary knitted fabric: 3,5/ (green)
of Sample 1 separated with fiberglass meshes: and 7/ (orange) impactor energy.
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 values were obtained with 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 system can 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.

0,06
0,04 %

0,02
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1st order derivative
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o
]
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-0,06

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. EeonTex LTT-SLPA (Sample 1) and Carbotex 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.
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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/cm?, 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, including UV-A radiation at 365 nm.
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.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
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2 Methods

WeusedaUV 10 W lamp emitting light at 365 nm in the UV-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.

Holder

Lens

Irrdiation s
L— o~
plane o
Cosine
corrector

Solarisation-
resistant fibre

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

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

D=1xt. (D

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 x 103 CFU/ml (CFU — colony forming
units). The culture was diluted further to obtain 1 x 10° CFU/ml. For the irradiation test
40 pL (4 x 10 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 20 1 of the recovered cell sus-
pension was transferred to the microplate with 180 L of PBS for preparation of decimal
dilutions. Diluted samples (100 wl) 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(Cy/C), (2)
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where Cy 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 x 107 CFU/ml. The 60 L cell drop
(9 x 10° CFU) was treated in triplicate with 365 nm light for 15 min corresponding to
a 412 J/em? irradiation dose. Then, 50 WL of the bacterial suspension was transferred
to the black clear-bottom 96-well plate and mixed with 5 wL of 250 uM 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/em? to 412 J/em?.
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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 1og10 reduction dose was about 342 J/cm?, 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.

A. B.

Number of E. coli colonies (CFU) E.coli inactivation efficiency by the 365 nm UV-A irradiation
after UV irradiation
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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/em?)
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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ROS production after E.coli irradiation
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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/em?, 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).

0-

Conclusion

The first results showed effective inactivation (5 log10) of E.coli after 15 min of exposure
to intense UV-A light at 365 nm (~0.46 W/cm?), 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.
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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 aresult, 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 a magnetic 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 jaw development
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 breathing mode 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 a magnetic 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.
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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.
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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, and Complexity 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(1)) = o> (y(1)) 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:

A . . /
Mobility(y(t)) = Acctt+ttyy((})]/)) .

The third Hjorth parameter, Complexity, is another measure 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]:

Mobility (v/(t
Complexity(y(t)) = Wm v
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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.
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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)
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Fig. 7. The violin plots of the z-axis acceleration signal Hjorth parameters: a) Activity; b)
Mobility; ¢) Complexity.
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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 asignificance level setat 0.01. Table 1 provides a summary of the calculated p-values
that estimate the statistical differences between the selected groups.
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The results indicate that the Hjorth Activity 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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Conclusions

The magnetic nasal sensor provides reliable monitoring 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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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 and Matricaria chamomilla extract based electrospun
medical dressings may improve wound 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

Skin healing is a complex process that involves the coordinated action of 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-
Iular 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 for wound healing may be improved with 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 can mimic
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 of wound healing can be improved by medicinal 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
with Matricaria chamomilla L. (M. chamomilla) may enhance the wound healing process
by providing structural support to the wound bed and reducing inflammation. Studies
have shown that the combination of keratin and M. chamomilla may 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 sustainable methods. 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~! 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 2.5 ml distilled water and mixed with 30 ml of M. 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 the M. 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 colour when exposed to UV 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 with M.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 | 32.82 £ 0.06 | 3.71 £ 0.20 | 10.33 £ 0.24 | 10.97 £ 0.16 | 70.25 £ 1.42
2 min
M.cha-AgNPs after | 32.41 £0.10 | 3.40 £ 0.11 | 9.88 £0.18 | 10.45 £ 0.17 | 71.00 £ 0.76
12 min

M.cha-AgNPs after | 32.51 £ 0.05 | 2.4 £ 0.39 8.62£0.16 | 8.96+0.16 | 74.44 £ 2.81
24 h

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~! 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% Nay;CO3
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 (Shimadzu Corp., Kyoto, Japan) at 760 nm wavelength.

To evaluate DPPH radical scavenging activity, a 0.15 ml of M.cha or M.cha-AgNPs
was mixed with 2.85 ml of DPPH-EtOH solution (0.039 g DPPH in 1 1 EtOH) and left
to react for 30 min in the dark at 22 4 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 -1 pH 3.6), 2,4,6-tripyridyl-s-trizine (TPTZ) solution in 10 mmol 17! of HCI1
and FeCl3 (20 mmol 1-1). 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 ( = 6 mm) were punched
in the agar and filled with 50 w1 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 with M.chamomilla composition’ viscosity

Composition Keratin Keratin + 5% Keratin + 10% Keratin + 15%
M.cha-AgNPs M.cha-AgNPs M.cha-AgNPs

Viscosity 168.8 1684 131,7 1184

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 of M.cha and M.cha-AgNPs. It was determined that M.cha is rich in TPC (3.09
CGA mg - ml~!). 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%).

H

H

O M.cha
O M.cha-AgNPs

Hi

Inhibition, CGA mg mL-1

TPC DPPH FRAP
Fig. 1. M.cha and M.cha-AgNPs antioxidant capacity
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Identified TPC, DPPH and FRAP values in M.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 containing hydroxyl 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.

2.0
- O M.cha
O M.cha-AgNPs

Inhibition zone, mm
e =
o (8]

o
n

SO i 5 1 - Al =

1 2 3 4 5 6 7 8 9 10
Reference (standard) cultures of microorganisms

Fig. 2. Antimicrobial activity of M. cha ir M.cha-AgNPs (1 — S. aureus; 2 — - 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 (¢ = 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 ¢ = 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.
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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 ¢ = 5% and 73% of them are up to 400 nm
when ¢ = 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 the morphology
of the nonwoven material, higher amount (¢ = 15%) of additives significantly reduce
the viscosity of the composition and make it unsuitable for the electrospinning.
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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 x 10~ Wm3. Fe30y4 is
preferred due to its great electromagnetic characteristic and widespread 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 using multiple particles. Accordingly, single particle simulation results were
used to theoretically calculate heat generation capacity of 1 ml of Ferumoxytol as
2.62 x 10718 wm’. 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 inorganic materials 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 the magnetically 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 Neel 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.

B B
>
7 b) <+

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

a)

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 the mechanism of magnetically 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 (7) and can be calculated as

1 1 1
S=— o — (1)

T N B
In (1); Ty is the Neel relaxation time and tp is the Brownian relaxation time. Neel
relaxation and Brownian relaxation are bounded by (2) and (3), respectively. In (2); 1o
is the attempt frequency, K is the magnetic anisotropy, Vj; is the energy density, kp is
the Boltzmann constant and 7 is the temperature. KV); product is the height of energy
barrier, which is the minimum amount of magnetic energy required to demagnetize a
superparamagnetic particle and kpT product is the total thermal energy of the system
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[10, 11, 15].

(KVM>
v = 1pe ‘BT

2

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

o 3nVh
B kT

Fundamental information regarding parameters effecting Neel 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 ())
(4). In (4), xo is the static susceptibility and w 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].

3)

~ 1
X= 4
KT ¥ iwr @
LRT states that a magnetic system responds linearly with the magnetic field [10].
(5) describes this linear relationship.

M (t) =X H(t) (5)

In (5), M (¢) is the magnetization through time and H () 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 the magnetic moment [ 10, 11]. Hence, required demagnetization energy
is the same as magnetization energy which does not result in heat loss (see Fig. 3) [11].

ot < 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].

ot > 1 @)

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];

+HI71HX
A= / oM (H)dH (8)

_Hmux
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In (8); o is the magnetic permeability of free space, M (H ) is the magnetization over
magnetic field strength, dH is the differential of magnetic field strength. Negative and
positive maximum limits of the integral are bounded by —H ;.4 and +H .4y, 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.

Magnetization (M)

Magnetic Field Strength (H)

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 wt < 1. Solid lines show the ferromagnetic regime (hysteresis loop) for the condition
ot > 1. Integration of the green area enclosed by solid lines gives the total heat loss.

3 Methods and Materials

COMSOL Multiphysics 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;

R=u -l — 1, ©)

wherein w,/ is the real part and iu! is the imaginary part of the relative magnetic
permeability. Equation (5) can be rewritten as;

M) = (1, — ip! — 1)H (1) (10)

Material properties for all geometries have been numerically determined across well
established data found in scientific literature. Although properties of Fe30,4 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 65-120
through reverse engineering process. Multiple simulations have been run to observe the
magnetically induced heat output of the Fe304 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 (Q7,q) of a single injec-
tion of Ferumoxytol (1 ml) which contains 30 mg of elemental iron, (11) has been

utilized.
Otoral = (QSingleFe304> % < MTotalFe ) (11)

3 MAtomicFe

In (11), QOsingiere; 0, is the heat generated by a single Fe3O4 particle. myyq e is the
mass of total elemental iron and masomicFe is the atomic mass of iron. Since QOsingleFe; 04
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 attain QgjngieFe;04- Atomic mass of an iron particle (9.2732796 x
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 induced momentary
heat production of a single Fe304 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 FezO4 particle. Time average of total heat generation by a single FezO4 was
found to be 2.43 x 10~4! Wm?. Single particle simulation results were used to theoret-
ically calculate heat generation capacity of a single injection (1 ml) of Ferumoxytol as
2.62 x 10~ 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 Fe3Oy4 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 the monitoring 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 algorithm was 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 the monitoring 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 the weakness
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 the Declaration of Helsinki (64th WMA General 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 3™ 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 for walking 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 applied which 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 w;; is found by matching x; samples to the samples y;
of template time series as visualized in Fig. 1 (a). The optimal distance W* of the signal
under analysis to the template is found by minimizing the path from (xo,yo) to (xn,Vn),
as shown in Fig. 1 (b):

« _ argmin

= w w2V, ey

where Dy 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.
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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.
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Fig. 2. The distance of the signal under analysis from templates for walking W,,, and stair-
climbing Wy. 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 adults with frailty. Walking, and especially more 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.

Acknowledgment. This work was financially supported by the Research Council of Lithuania
(Agreement No. S-MIP-20-54).

Conflict of Interest. The authors declare that they have no conflict of interest.

References

1. Dent, E., Martin, F.C., Bergman, H., Woo, J., Romero-Ortuno, R., Walston, J.D.: Management
of frailty: opportunities, challenges, and future directions. The Lancet 394(10206), 1376-1386
(2019)

2. Parvaneh, S., et al.: Regulation of cardiac autonomic nervous system control across frailty
statuses: a systematic review. Gerontology 62(1), 3—15 (2016)



86

10.

D. Sokas and A. Petrénas

Sokas, D., et al.: Wearable-based assessment of heart rate response to physical stressors in
patients after open-heart surgery with frailty. IEEE J. Biomed. Health Inf. In Press (2023)
Margarito, J., Helaoui, R., Bianchi, A.M., Sartor, F., Bonomi, A.G.: User-independent recog-
nition of sports activities from a single wrist-worn accelerometer: a template-matching-based
approach. IEEE Trans. Biomed. Eng. 63(4), 788-796 (2015)

Sokas, D., et al.: Wearable-based signals during physical exercises from patients with frailty
after open-heart surgery (2022)

Keogh, E.J., Pazzani, M.J.: Scaling up dynamic time warping to massive datasets. In: Zytkow,
J.M., Rauch, J. (eds.) PKDD 1999. LNCS (LNAI), vol. 1704, pp. 1-11. Springer, Heidelberg
(1999). https://doi.org/10.1007/978-3-540-48247-5_1

van Stel, H.F., Bogaard, J.M., Rijssenbeek-Nouwens, L.H., Colland, V.T.: Multivariable
assessment of the 6-min walking test in patients with chronic obstructive pulmonary disease.
Am. J. Respir. Crit. Care Med. 163(7), 1567-1571 (2001)

Sokas, D., Petrénas, A., Daukantas, S., Rapalis, A., Paliakaité, B., Marozas, V.: Estimation of
heart rate recovery after stair climbing using a wrist-worn device. Sensors 19(9), 2113 (2019)
Martinez-Ramirez, A., et al.: Frailty assessment based on trunk kinematic parameters during
walking. J. Neuroeng. Rehabilit. 12(1), 1-10 (2015)

Merchant, R.A., et al.: Rapid geriatric assessment using mobile app in primary care: prevalence
of geriatric syndromes and review of its feasibility. Front. Med. 7, 261 (2020)


https://doi.org/10.1007/978-3-540-48247-5_1

q

Check for
updates

Expediency of Using a Physical
and Mathematical Model in Cell Engineering

Nataliia Moisieieva®, Anton Moisieiev(®, Olga Gorina®), and Yuliia Akhatova®

Institute for Problems of Cryobiology and Cryomedicine of the National Academy of Sciences
of Ukraine, Pereyaslavska Str. 23, Kharkiv 61016, Ukraine
julija_veselovskaja@meta.ua

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 L1929 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 1M DMSO cryoprotectant solution from
25to 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 on multicellular 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 the most 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
research make 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 1929 line on day 7 of cultivation [8]. The L.929 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 pg/mL streptomycin (Arterium,
Ukraine), in a humidified incubator with 5% CO; 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 510 META 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 foto, attached
to the cultural surface in the process of aquaculture in the Ist range of cryoprotectant
and reintroduced at the stage of penetration of the cryoprotectant into cells according
to the formula V = V(t)/VO0, (de V(t) - about ‘m cells at time t, VO - output volume).
Morphometric analysis was performed using the “AxioVision Rel. 4.6” software (Carl
Zeiss, Germany). Permeability coefficients were determined in single cells and spheroids
with a diameter of 80—-100 wm after their attachment under adhesive conditions during
the day. The volumetric method was used to determine the permeability coefficients of
plasma membranes of 1.929 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
confocal microscope “Axio Observer Z1” (Carl Zeiss, 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 1 M DMSO at different tem-
peratures (10, 15, and 25 °C) in IM DMSO 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
IM 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 1M DMSO
solution at temperatures of 10, 15, and 25°C; B - Optimal exposure time of spheroids required to
restore the volume to initial values at temperatures of 10, 15, and 25°C. a — the differences are
statistically significant in comparison with the temperature of 25°C (p < 0.05).

The study of the energy consumption of the permeable substance transfer processes
through cell membranes, in particular cryoprotectant and water molecules, 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 x 104, m3/N-s) and DMSO molecules (kp x 107,
m/s) into spheroids in toto on day 7 of cultivation after incubation in cryoprotective medium at
temperatures of 10, 15, and 25 °C; 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 arate 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
atthe early and late stages of apoptosis and cytochrome C positive 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).
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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 and mathemat-
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 L.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
the world [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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Inrecent years, the studies of possibilities to apply wearable 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 to monitor 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 adduction with 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 exercisel “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), there were no observable
movement or other health disorders, there were no congenital pathologies, no previous
lower extremity injuries.

Each participant executed 4 exercise options during which signal from corresponding
sensor was acquired.
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B

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 as M(i) is shown on Fig. 3b.
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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 =M; — A; (1
where M; — i-th signal value after application of median filter, i — point number,

_ Mi+Mi+l+Mi+2+---+Mi+Ni
B N

where A; 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
window of averaging filter provide the successful signal detrending without 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:

A @)

NG =211 G)
)= —
Ay
where, A, — 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 signal was used in present research as “exercise line” (EL) for monitoring
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.
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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 outliers N was calculated as function of the threshold values X, that define the allowed
range as [1-X; 1 + X]. The value of x was within range 0.01 < IX| < 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 N¢(X) varied between
patients. The outline, that envelopes family of all patients’ N¢(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 IXI = 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 IX| = 0.015
for exercises 1 and 3, and IX| = 0.012 for exercise 2.
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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.

101

Exercise | Number of Number of Number of Number of The total
errors noticed | errors noticed | errors that were | errors number of
by the by system that | noticed by additionally repetitions
physiotherapist | matched with | physiotherapist | noticed by performed in

physiotherapist | but not noticed | system, that the exercise
noticed errors | by system were not

noticed by

physiotherapist

No. 1 19 16 3 13 120

No. 2 8 0 5 90

No. 3 10 9 1 8 108

Total 37 33 4 26 318

4 Discussion

The present study was devoted to the development of prototype of smart leggings to mon-
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 Ist 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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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

DAIid 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 system gives 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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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 SAPS may 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 intervention with the use of the DAid 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 study was conducted from January 2019 to January 2020. A more 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
8 weeks, 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 O 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,” and more 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
determine mean 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 Before After Mean difference | p-value

and study group (£SD) (95% CI) | (£SD) (95% CI) | (£SD) (95% CI)

Disability/symptom

module

Smart shirt group 54,4 (£2.5) 14,7 (£3,1) (13,1 |39,8 (£4,1) (37,7 | < 0,001
(53,2-55,7) -16,2) -41,9)

Control group 52,0 (£4,3) (49,8 |21,5(£3,0) 28,2 (£5,3) < 0,001
—54,2) (20,0-23,1) (25,5-31,0)

p-value 0,210 < 0,001

Work module

Smart shirt group 85,2 (£2,7) 17,1 (£3,3) 68,2 (£3,8) < 0,001
(83,8-86,6) (15,3-18,8) (66,2-70,1)

Control group 86,2 (£3,7) 27,5 (£3,1) 58,2 (£5,3) < 0,001
(84,3-88,1) (25,9-29,1) (55,4-60,9)

p-value 0,424 < 0,001

Sports module

Smart shirt group 83,8 (£2,7) 18,1 (£3,3) 66,3 (+4,7) < 0,001
(82,4-85,2) (16,4-19,8) (63,9-68,8)

Control group 84,4 (£3,2) 25,7 (£2,9) 57,5 (£3,1) < 0,001
(82,7-86,0) (24,2-27,2) (55,9-59,0)

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 After p-value
(£SD) (95% CI) (£SD) (95% CI)

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
the DAid 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 the workplace [3]. Tactical boots
used by the military 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 causing musculoskeletal 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 Riga Stradin$ University (No0.40/26.10.2017). 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].
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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 2D kinematic assessment of the foot and ankle motion was performed
in the gait laboratory of Riga Stradin$ 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 time were 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 the Method of Anatomical
Features — MAF, which is defined as an essential part of CAS, is described. The
MATF 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 Feature models will 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, and performing surgical interventions. The most 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:

e Application of software, which is part of a medical scanner (e.g. Vitrea)
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e Post-processing of medical images in medical-oriented CAD programs (e.g. Materi-
alise Mimics, 3D Slicer)
e 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 3D geometrical models of human organs is based
on predictive geometrical or statistical model and data obtained from medical 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 cloud model for a unique
feature with the capability to adapt to different parameters, not just geometrical, but also
to functional, technological, and so on. The CPF 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:

e 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.

e 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.

C1 Anatomical and morphological knowledge of human bones
€2 Rules and limitation of applied methods
€3 Morphometric rules

C4 Established rules of MAF

Basic processes of MAF

M3 Software packages
M2 Designer
M1 Doctor

1L Volumetric 30 images

01 30 Geometrical models of human binss
>

12 2D medical images

30 Polygonal
model
»

CGEs Additional processes of MAF

Parametric bone model

RGES 2

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 young male patient with
progenia, presented in Fig. 2.

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).

2 Rules and limitation of applied methods

1 Anotomical and morphlogical knawedge of human bones C4 CPF rule book.
Feygonal model 3 Morphometrc e
nal model
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A
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5 [ mosel S
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3 Software packages
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M2 Designer Folygonal
Mt Doct
o12 caes
CPr model
CGEs definition >
11 Falygonal model
—— —
Polygonal model
M4 Specific actor

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 Features Model (FM) (specific CPF model). To make 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.

C4 CPF rule book

Refers to:
- Geometrical
- Mathem atical
- Functional
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- Other(s)
3D models (Point cloud or Desctiption entity
olygonal (sketch, text file)
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The CPF model (contains: 3D model, Requirements model, Descriptive model)
Feature Definition
2
.l
The specific CPF model
Feature extraction and
M4 Specific actor(s) implementation
(doctors, engineeres, materials experts, etc)
3

Refers to:
- Possible feature export to proper format (STL)
- Feature implementation (3D printing)

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.

ACL Repair with
InternalBrace

Fig. 5. The ACL InternalBrace Fig. 6. Comparison of traditional and
reconstruction [15] 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 complications which can be reduced with 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

e Stiffness is a common post-ACL reconstruction complication that is defined as the
incomplete range of motion of the knee following surgery.

e Patella fracture after ACL reconstruction may result from graft harvesting (only in
resection for this case).

e Pain, swelling, redness, the rise of temperature, and stiffness may occur because of
infection.
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e 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 3D model 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:

e 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.

e 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
simplified model. As the example of the model creation in the Fig. 7, different 3D models

ACL

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

\

' \ Construction

axes

Planes for
geometry
\ definition

InternalBrace
shape
model

RS

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

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 presentation model 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 3D model of the knee and the braclet is displayed. The models 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. The width 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 human model 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 3D models of human bones and implants. Furthermore, this study demonstrates
the enhancement of MAF by adding the Characteristic Product Features (CPF) method
as a MAF 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.

Acknowledgment. This research was financially supported by the ERASMUS+ project “Col-
laborative e-platform for innovation and educational enhancement in medical engineering” —
CALLME. Project Reference: 2022—-1-RO01-KA220-HED-000087703.

Initial MAF was financed by Ministry of Education, Science and Technological Development
of the Republic of Serbia, and supported by ERASMUS+ project “Boosting the scientific excel-
lence and innovation capacity of 3D printing methods in pandemic period” — BRIGHT. Project
Reference: 2020-1-RO01-KA226-HE-095517.

References

1. d’Amato, M., Ensini, A., Leardini, A., Barbadoro, P., Illuminati, A., Belvedere, C.: Conven-
tional versus computer-assisted surgery in total knee arthroplasty: comparison at ten years
follow-up. Int. Orthop. 43(6), 1355-1363 (2018). https://doi.org/10.1007/s00264-018-4114-5

2. Vitkovi¢, N., et al.: The parametric model of the human mandible coronoid process created
by method of anatomical features, computational and mathematical methods in medicine, ID
574132, 10 (2015)

3. Rathnayaka, K., et al.: Quantification of the accuracy of MRI generated 3D models bones
compared to CT generated 3D models. Med. Eng. Phys. 34(3), 357-363 (2012)


https://doi.org/10.1007/s00264-018-4114-5

128

4.

10.

11.

12.

13.

14.

15.

N. Vitkovié et al.

Vitkovi¢, N., Radovié, Lj., Trajanovié¢, M., Mani¢, M.: 3D point cloud model of human
bio form created by the application of geometric morphometrics and method of anatomical
features: human tibia example, Filomat, 33(4), 1217-1225 (2019)

Song, D., Jin, Y., Wang, T., Li, C., Tong, R., Chang, J.: A Semantic Parametric Model for
3D Human Body Reshaping. In: El Rhalibi, A., Pan, Z., Jin, H., Ding, D., Navarro-Newball,
A.A., Wang, Y. (eds.) Edutainment 2018. LNCS, vol. 11462, pp. 169-176. Springer, Cham
(2019). https://doi.org/10.1007/978-3-030-23712-7_24

Vitkovié, N., Korunovi¢, N., Arandelovié, J., Miltenovi¢, A., Peri¢, M.: Remodeling of com-
plex surface patches by using the method of characteristic features — the ski shoe heel lip
example. Innov. Mech. Eng. 1(2), 96-105 (2022)

Minnullina, A., Minnullin, R., Kopytova, A., Savoskina, E.: Production strategy development
for an energy company based on SADT. In: E3S Web Conference vol. 217, p. 07015 (2020)
Vitkovi¢, N., Mladenovié, S., Trifunovié, M., et al.: Software framework for the creation and
application of personalized bone and plate implant geometrical models. J. Healthcare Eng.
Article ID 6025935, 11 (2018)

Stojkovic, M., et al.: Reverse modeling and solid free-form fabrication of sternum implant.
Australas Phys Eng Sci Med. 33(3), 243-250 (2010)

Vitkovié, N., Trajanovic, M.D., Arsié, S.: Creation of Geometrical Models of Human Bones
by Using Method of Anatomical Features. In: Canciglieri Junior, O., Trajanovic, M.D. (eds.)
Personalized Orthopedics, pp. 55-78. Springer, Cham. (2022). https://doi.org/10.1007/978-
3-030-98279-9_2

Mitic, J., Trajanovic, M.D.: Geometrical Model of the Human Mandible: Potential for Appli-
cation in Personalized Maxillofacial Surgery. In: Canciglieri Junior, O., Trajanovic, M.D.
(eds.) Personalized Orthopedics, pp. 79-112. Springer, Cham. (2022). https://doi.org/10.1007/
978-3-030-98279-9_3

Manic, M., Vitkovi¢, N., Mitic, J.: Design and Manufacturing of the Personalized Plate
Implants. In: Canciglieri Junior, O., Trajanovic, M.D. (eds.) Personalized Orthopedics,
pp. 185-219. Springer, Cham. (2022). https://doi.org/10.1007/978-3-030-98279-9_6
Longo, U.G., Vigano, M., Candela, V., de Girolamo, L., Cella, E., et al.: Epidemiology of
posterior cruciate ligament reconstructions in Italy: a 15-year study. J Clin Med. 10(3), 499
(2021)

Hopper, G.P., Aithie, J.M.S., Jenkins, J.M., Wilson, W.T., Mackay, G.M.: Satisfactory patient-
reported outcomes at 5 years following primary repair with suture tape augmentation for
proximal anterior cruciate ligament tears. Knee Surg. Sports Traumatol. Arthrosc. 30(1),
253-259 (2021). https://doi.org/10.1007/s00167-021-06485-z

The Mackay Clinic, https://www.mackayclinic.co.uk/acl-repair-with-the-internalbrace-a-
look-at-the-5-year-results/ Accessed 12 May 2023


https://doi.org/10.1007/978-3-030-23712-7_24
https://doi.org/10.1007/978-3-030-98279-9_2
https://doi.org/10.1007/978-3-030-98279-9_3
https://doi.org/10.1007/978-3-030-98279-9_6
https://doi.org/10.1007/s00167-021-06485-z
https://www.mackayclinic.co.uk/acl-repair-with-the-internalbrace-a-look-at-the-5-year-results/

q

Check for
updates

Synergetic Integration of Electrospinning
and Additive 3D/4D Printing Process
for Biomedical Applications

Ashok Vaseashta!22®) @, Didem Demir?, and Nimet Bolgen5

! International Clean Water Institute, Manassas, VA, USA
prof.vaseashta@ieee.org
2 Transylvania University of Brasov, Brasov, Romania
3 IEEN, Academy of Sciences of Moldova, Chisinau, Moldova
4 Division of Chemistry and Chemical Process, Tarsus University, Mersin, Tiirkiye
> Chemical Engineering Department, Engineering Faculty, Mersin University, Mersin, Tiirkiye

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
electrospun membranes. 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.

B

High Voltage High Voltage
Power Supply Power Supply 4:.3:‘

% e H ;

Collector Collector

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. Although preliminary 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 promising method for aligning micro/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 regenerative medicine 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 ECM only on a planar structure, which does not allow the repair requirements of
large bone defects [17]. Also, as stated earlier, the electrospun structures lack mechanical
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.

Screw-assisted Electrospinning
extrusion 3D printing

A

Lysedp graw Jupsesasug

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 3D printing and electrospinning. Realizing that both methods 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 a-, B-, and y-). The o and € phases are non-polar due to the antiparallel arrange-
ment of dipoles in the cell units, while the B-phase is responsible for the piezoelectric
response. By thermal treatment or poling under a high electric field (150kV/mm), the
a-phase can be transformed into the y-phase or B-phase. To increase the B-phase and
simultaneously reduce the crystallinity of the a-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 § phase. Also, copolymers of PVDF, such as P(VDF-TrFE),
have been synthesized using electrospinning to achieve an intrinsic $-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 nanofiber membranes of PVDF embedded with 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 pressure monitoring
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 fabrication of 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 3D printing 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,
areview 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 gaining much 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 designs were widely 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 arelatively new and upcoming field of study with yet unexplored potential. Our
research group and several other researchers are continuing to study this straightforward
yet comparatively new method to successfully conjoin mats 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 health monitoring, 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
laboratory measurements 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 distribution mapping of three main 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 nm wavelengths 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 three modified Beer-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 the white 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
RGB 300 mW White Laser (NaKu Technology Co. Ltd, CN) emitting manually adjustable
power up to 100 mW at each of the 450 nm, 520 nm and 638 nm wavelengths was



142 J. Spigulis et al.

accessible. The endoscope was STORZ Rhino-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 the viability of this approach —bright
and relatively uniform illuminated spot was achieved at the target area of endoscope.
However, two problems were 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 them was connected to the RGB 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.

The work in this direction will be continued. We aim at 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 there was no significant linear correlation between age and gray mat-
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,

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
Y. Dekhtyar and I. Saknite (Eds.): NBC 2023, IFMBE Proceedings 89, pp. 145-152, 2023.
https://doi.org/10.1007/978-3-031-37132-5_19


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37132-5_19&domain=pdf
http://orcid.org/0000-0003-2394-6627
http://orcid.org/0000-0003-1673-2305
https://doi.org/10.1007/978-3-031-37132-5_19

146 J. Latikka and H. Eskola

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 (¢) and the conductivity (o) 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 (a), beta (8) and gamma (y) 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 o dispersion region [16] than at the higher
frequencies in the y 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 human white matter and gray
matter electrical conductivities by in vivo measurements 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 2 p A 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 cm?2 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), and white matter conductivity was measured in 8 patients (1 to 12 measurements
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) |0.770.58 | 0.21 1 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 10.20 |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 (R?), 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 (R? was 0.1095) and 1.5% of the variance in white
matter conductivity (R? 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 (Rz).
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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 R? was 0.01
for white matter conductivity and R? was 0.17 for gray matter conductivity. Compared
to the age range of 83 years in this study, the age range in [1 1] 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 50 MHz 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 y 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 gray matter
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 newborn measurements and white matter conductivity age
dependency at higher frequencies where the tissue water-content-related y 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 | Gray matter | White matter | Species Age range Measurement
Reference conductivity | conductivity conditions and
age age frequency
dependence dependence
Thurai et al. | Yes, Not measured | Mouse 3 to 58 days, 6 | Tissue samples
1984 [6] conductivity ages with N=18
decreased multiple 10 MHz to
with age specimens in | 5 GHz
each age
Peyman et al. | Yes, Not measured | Rat 0 to 70 days, 6 | Tissue samples
2001 [7] conductivity ages with N=18
decreased multiple 130 MHz to
with age specimens in | 10 GHz
each age
Mohammed | No significant | Yes, Greyhound |20 to Tissue samples
et al. 2016 differences conductivity | (female) 81 months, N=12
[8] were observed | decreased divided in 4 300 MHz to
with age age groups 3 GHz
Schmid & No significant | Yes, Cattle 4to Tissue samples
Uberbacher | differences conductivity 24 months, N=52
2005 [9] were observed | decreased dividedin2 | 400 MHz to
with age age groups 18 GHz
Peyman et al. | No significant | Yes, Pig 35to Tissue samples
2007 [10] differences conductivity 600 days, N not available
were observed | decreased divided in 3 50 MHz to
with age age groups 20 GHz
Koessler No significant | No significant | Human 16 to 50 years, | In vivo
et al. 2017 differences differences individual N=15
[11] were observed | were observed values 50 kHz
The current | Inconclusive, | No significant | Human 4 to 87 years, |In vivo
study more data differences individual N=13
needed were observed values 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 gray matter conductivity with age, which is in accordance with earlier human
studies. Animal studies using tissue samples and higher frequencies (from MHz 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 aim was 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

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- Fig. 1. The head-mounted module of the
sive vision screening and training tool (see upgraded vision screening and training
Fig. 1). As aresult, we have developed a vision ~ Prototype.

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.
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* red filter and cyan filters

'

2™ stage
Questionnaire/ History
* remove colour filters

'

3"Ystage
Right eye distance visual acuity (3m)
* left eye put on the cover lens

'

4™ stage
Left eye distance visual acuity (3m)
* right eye put on the cover lens
* left eye remove the cover lens

'

8t stage
Suppression test
* red and cyan filters

'

9t stage
Heterophoria test
* red and cyan filters

'

10t stage
AC/A ratio
* red and cyan filters
* puton+2.00 D lenses

'

11% stage
Stereoacuity
* red and cyan filters
* remove +2.00 D lenses

5™ stage
Hypermetropia test (3m)
* right eye remove the cover lens
* puton+2.00D lenses

'

12 stage
Vergence facility
* red and cyan filters

{

6™ stage
Near visual acuity (40cm)
* remave +2.00 D lens
Accommodation facility
* +2.00 and -2.00 D lenses

'

{

13% stage
Fusional vergence amplitude
* red and cyan filter

7 stage
Colour vision test
* remove +2.00 D or -2.00 D lenses

'

14™ stage
Conclusion
* remove red and cyan filters

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 =175). Norms for the standard manual optometric tests are cited from Scheiman & Wick [17].

Visual function | Repeatability | Norms of Sensitivity (%) | Specificity (%) | AUC
(ANOVA, standard
p-value) optometric tests
(mean & SD)
Binocular 25 10 £ 5 cpm 86 85 851
accommodative
facility
Stereoacuity 32 60 £ 20 arc sec* | 37 88 .623
Heterophoria .76 3+3pd 64 77 703
exophoria
Vergence .09 15 + 3 cpm 63 66 .643
facility
Uncrossed .87 13+ 6pd 100 62 .810
fusional
vergence
amplitude
Crossed fusional | .31 19 £9pd 20 90 .549
vergence
amplitude

* 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 findings with 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.

ROC Curve

08

06

04

Sensitivity

00 02 04 06 08 10
1 - Specificity

Fig. 3. The ROC curve 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), ¢ 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), ¢ (21) = 2.89, p = .013. Figure 4 displays
the mean values of the vergence performance tests before and after vision therapy.

45

40
[] VF (before)
35
20 VF (after)
25 UFVA (before)
20 UFVA (after)
15
%l [] CFVA (before)
10
CFVA (after)

5
0

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 eye muscle 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 for many 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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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
consumption may be 102.2 million cubic meters and electricity 951.6 million 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 - 2-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
warming while saving patients’ lives. To mark the importance 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” [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. Hofe, 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 (IfHD)
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 B2-microglobulin (B2M) in serum and dialysate samples were determined
with routine laboratory methods (SYNLAB Eesti OU, Tallinn, Estonia), uric acid (UA)
and indoxyl sulfate (IS) in both types of samples were determined using high performance
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/m2? 26.8 £5.8

BW, kg? 81.5+£213

Ultrafiltration volume, mL 2565 £ 1190

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

Serum total protein, g/LL 62.8 £5.5

Hematocrit, %% 34.4 (3.5)

Serum calcium, mmol/L? 2.25(0.16)

Serum phosphorus, mmol/L2

1.92 (1.63-2.29)

Dialysis access

native fistula (15); graft (7)

Dialysis vintage, months?

23 (11-83)

spKt/Vurea?

1.47 (1.23-1.67)

4 Assessed during standard treatment prescribed to the patients

Table 2. Dialysis treatment settings of standard (stHDF) and high flow hemodiafiltration (hfHDF)
and low flux hemodialysis (IfHD). The numerical values are given as mean £ SD.

Entity of the Data stHDF IfHD hfHDF
Substitution volume (Vs, L) 21.1 £3.1 0+0 253 +28
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 area?, m? 20+02 1.5+0.0 224+00
eKt/V urea 1.37 £0.31 0.94 +£0.20 1.70 £ 0.35
Number of dialyses (N) 22 22 22

4 Specification of dialyzers: Standard: FX800 (N = 8), FX1000 (N = 14), Low flux: Lol5 (N =
22), High: FX1000 (N = 22). All dialyzers had polysulfone-based membranes with the following
effective membrane area: 1.8 m? (Helixone®, FX800), 2.2 m? (Helixone®, FX1000), 1.5 m?

(Amembris®, Xevonta Lo 15)
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presence of uremic toxins in their serum and levels of elevated risk for all-cause mortality
as the following: IS the reference level 23 pg/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 200400 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:

C()_C[
0

RR = 100 *

(%)

where Cy is in laboratory or optically estimated concentration of a toxin in sample
taken after 7 min from the start the dialysis and C; 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=10.998, 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.
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Fig. 1. Comparison of mean (£SD) reduction ratios based on laboratory analyses of dialysates
and optical data. UA - uric acid, IS - indoxyl sulfate, B2M - B2-microglobulin.

Corresponding Bland-Altman plots 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 corresponding water consumption
for different treatments modalities are presented on the Fig. 3.

Figure 3 shows that hemodialysis treatment with 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 IfHD 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 IfHD 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) f2-microglobulin
(B2M).

dialysate based optical measurers indicate a slightly better efficiency of hfHDF modality
concerning small molecules urea and UA 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 IfHD 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 IfHD reduced nearly equally to the reduction of water consumption
in comparison with stHDF. The elimination of B2M was not ratable in the case of IfHD
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 23 pg/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, IfHD - low flux HD, hfHDF — high flow HDF; see Table 1 for details). UA — uric acid,
IS — indoxyl sulfate, B2M — f2-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 53

Protein bound Indoxyl sulfate 67.2 28.7 116.4 254
Medium molecules B2-microglogulin -a -a 112.6 8.0
Water consumed 69.2 9.1 185.0 28.0

4 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
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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 (23 Lg/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 IfHD may be
sufficient. By treating those patients with IfHD 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 IfHD 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, which may 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 the way we interact with digital media. 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 3D volumetric multiplanar display. The
study was approved by the Ethics Committee of the University of Latvia (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 x 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 by Windows 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 system was 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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(@) (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 average of all active electrodes was chosen as areference. Data collection occurred ata
sampling rate of 1024 Hz, with a band-pass filter applied from 1 to 70 Hz. The electrode
impedance was kept below 10 K2, and data were continuously recorded during the
visual search tasks. The open-source toolbox EEGLAB 2022.1.0 connected to MATLAB
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, nzp = 0.0006). Moreover, there was no statistical difference between the
first and last experiments (F (1, 26) = 1.264, p = 0.27, nzp = 0.05). However, there was
a significant difference between photopic and scotopic conditions (F (1, 26) = 10.25, p
=0.003, n2p = 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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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
(01, 02, 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, n2p = (0.042). However, a statistically significant difference
between the first and last experiments (F (1,36) =4.42, p=0.04, nzp =0.11). Moreover,
there was a significant difference between photopic and scotopic conditions (F (1, 36)
=6.23,p =0.02, n2p = 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, nzp = 0.07). Furthermore, no significant
difference between the first and last experiments (F (1, 36) = 1.17, p = 0.28, nzp =
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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)
= 1310, p = 0.25, 1%, = 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 large difference between
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 s

Scotopic - First — —— |
Scotopic — Last —— |

285 340 356 371 406 527

Peak Latency (ms)

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 studied mental 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
working memory, as the photopic experiment was 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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