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ABSTRACT

Diabetes is a chronic disease and is one of the main contributing factors to lower back pain
and degeneration of the disc in the world. Diabetes promotes advanced glycation end
products (AGEs) to accumulate in the body, which causes disruption of the structural
composition of the intervertebral discs (IVDs). The accumulation process of AGEs is
accelerated due to diabetes. Numerous studies in animals have been conducted on how the
properties of the IVD are affected by diabetes leading to its failure by inducing glycation
artificially in them. However, only two studies focusing on how diabetes affects the IVD’s
annulus fibrosus (AF) have been completed. Therefore, the gap in the literature is that
studies have only been conducted on animal models, the glycation was induced artificially,

and there is very little research done on the effects of diabetes on the AF.

The main aim of this research study is to investigate how the micromechanical properties of
the AF are affected by diabetes in human cadaver AF samples between the control and
diabetic groups. This study was carried out using the methodology adapted from Tavakoli
and Costi, 2018, where micromechanical testing was conducted at three different strain
rates of 0.1 %s™1,1%s™ 1, and 10 %s~1, which are slow, medium, and fast test rates,
respectively. After that, the specimen was subjected to a failure test of strain rate 10 %s 1.
Tests were conducted in both tensile and shear loading directions on the CellScale

BioTester machine (CellScale, Waterloo, Ontario, Canada).

The results obtained were in terms of stiffness and hysteresis loss coefficient from the non-
destructive dynamic tests and peak load and energy absorbed at failure from the destructive
or failure test. The specimens were exhibiting viscoelastic behaviour in both loading
directions. The specimens showed higher stiffness in the diabetic group compared to the
healthy specimens in the tensile direction, and the peak load at failure was approx. 30%
lower for diabetic specimens in the shear direction as they are more prone to failure. The
gap in the literature is bridged by conducting this study on diabetic human cadaver samples
instead of animal models, and the results from this study can give a better understanding of
how diabetes affects the micromechanical properties of the AF. This study can provide more
in-depth knowledge and contribute to developing better techniques to help the affected

patients and make their lives better.
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INTRODUCTION

Diabetic mellitus is a chronic disease, also known as a metabolic disorder (Sapra and
Bhandari, 2022), affecting a large portion of the world population. Diabetes has been shown
to affectthe intervertebral discs (IVDs) adversely, in particular the fibre-reinforced tissues or
fibrous connective tissues, such as the annulus fibrosus (AF), present in the IVDs. This is
mainly because they experience larger and more complex loads during everyday activities
when compared to other joints and bones present in the body (Chan et al., 2011). The results
of research studies conducted by Buckwalter, 1995 and Luoma et al., 2000 reported that
prolonged and repeated loading can cause mechanical failure, structural disruption, and
damage to the IVDs, which in turn results in discomfort and pain during movement, causing
reduced and limited mobility of the body (Buckwalter, 1995; Luoma et al., 2000).

According to the International Diabetes Federation’s (IDF) 2021 statistics, every one in ten
people, which is a total of 537 million people worldwide, are living with diabetes mellitus,
and the majority of them are in the western Pacific region (206 million). This is predicted to
increase to 643 million people worldwide by the year 2030, and by the year 2045, it will
increase to 783 million, which is a 46% increase (International Diabetes Federation, 2021).
In accordance with the IDF 2021 statistics, diabetes and its related adverse long-term
repercussions affect a large number of the world population, which in turn results in an

increase in the economic burden due to the related medical expenses.

The structural properties and composition of the IVD can change due to ageing and various
other diseases, which in turn alters the mechanical properties and damages the IVDs and
the surrounding structures and tissues, as reported from the studies conducted by Urban
and Roberts, 2003, and Adams and Roughley, 2006 (Urban and Roberts, 2003; Adams and
Roughley, 2006). Jhawar et al., 2006 stated that diabetes is one of the primary
cardiovascular risk factors because of its relatively high risk of accelerating VD

degeneration (Jhawar et al., 2006).

Research studies conducted by Lintz et al., 2022 and Werbner et al., 2022 reported that the
presence of diabetes in the body speeds up the process of accumulating advanced glycation
end products (AGEs). AGEs are end products of a non-enzymatic reaction between free
reducing sugars and amino acids called the glycation process happening in the tissues, and
this leads to the IVD degeneration process being accelerated (Lintz et al., 2022; Werbner et

al., 2022). When there is an injury or disruption to the structural composition of the I1VD,



degeneration can be induced or accelerated. Degeneration, in turn, can cause annular tears
in the AF and disrupt the structural composition of the IVD (Castro et al., 2022). Results from
research studies conducted by Mantyselka et al., 2008 and Takahashi et al., 2013 show that
there is a connection between diabetes and increased incidence of lower back pain and its
severity, and there is also a link between disorders related to IVD degeneration and diabetes
(Mantyselka et al., 2008; Takahashi et al., 2013).

Since the prevalence of lower back pain has increased due to the ageing population and an
increasing incidence of the diabetes epidemic globally, there has been an increased
requirement for lower back pain management in recent years (Bloom et al., 2011). The
research studies mentioned above have only looked into tendons, cartilages, and 1VD as a
whole disc but not much on how diabetes effects the AF. Till date, only two studies have
been conducted that focus on how diabetes affects the AF; the studies were conducted on
bovine samples, and they were performed by Werbner et al., 2022 and Zhou et al., 2023.
These two studies are by the same group of researchers, and the latter study is the
continuation of the first. Therefore, this research study aims to understand how diabetes
affects the micromechanical properties of the human AF, as very little research has been
conducted in this area. The methodology for this study has been adapted from the study
conducted by Tavakoli and Costi, 2018 on the inter-lamellar matrix in the AF to determine
their mechanical characteristics at the micro level and nano level (Tavakoli and Costi, 2018).
The gap in the literature is that only animal models with artificially induced glycation have
been used for research, and studies have not been particularly focused on the AF. Hence,
this study will be conducted on human cadaver AF samples between the control and diabetic

groups to compare the micromechanical properties and understand how they are affected.

The testing was conducted on the CellScale BioTester machine (CellScale, Waterloo,
Ontario, Canada) to differentiate and understand the viscoelastic and failure properties of
the AF. The AF samples will be tested at three different strain rates and will then be
subjected to a failure test in tensile and shear directions. In future, the results from this study,
which are stiffness and hysteresis loss coefficient, will provide data for the development of
computational models for contributing to the diagnostic and therapeutic field for the
management of lower back pain by analysing the relationship between the AF and its
mechanical properties, and this will result in better decisions for treating patients and

diagnostic outcomes.



LITERATURE REVIEW

Anatomy and Structure of the Disc

In the spine, we have a total of 25 intervertebral discs (IVDs) present between every two
vertebrae (Nedresky et al.,, 2021). IVDs are fibrocartilage structures that exhibit
degeneration with age and chronic illnesses, including diabetes and liver related problems,
and are one of the main reasons for back pain (Adams and Dolan, 2012). The three main
components of the IVD are the nucleus pulposus (NP), annulus fibrosus (AF), and
cartilaginous endplates (CEP). AF is the fibre-reinforced layer, which is the outer layer that
wraps and surrounds the inner NP, and the CEP encloses the inner NP from the top and
bottom (Raj, 2008). NP is the inner or central region of the IVD; it has the consistency of a
gelatinous structure. NP is important for the spine’s flexibility and strength (Nedresky et al.,
2021; Bayliss and Johnstone, 1992). In an adult IVD, NP makes up close to 50% of the total
volume (Pooni et al., 1986). The caudal and cranial ends of the IVD are covered in thin
hyaline cartilage layers, which are called the CEP, and their main function is to supply
nutrients to the disc (Bae et al., 2013). CEPs are thinner towards the inside of the IVD
(Vernon-Roberts and Pirie, 1977). Collectively, these three components of the IVD provide

the functionality of the disc.

Figure removed due to copyright restriction

Figure 1: The internal structure of human IVD (Inoue, 1981)

Internal Structure of the Annulus Fibrosus

The AF is a fibre-reinforced tissue surrounding the NP. The AF is the focus of this study, on
which micromechanical testing will be conducted to find out how diabetes affects its
micromechanical properties. It is the outer region of the IVD and is made up of layers of
collagen fibres and proteins, referred to as lamellae (Marchand and Ahmed, 1990). There
are around 15 — 20 concentric lamellar layers, and the fibres are in a slanting position at a
30° angle (Southern Oregon Neurosurgical and Spine Associates Article). The thickness of

the lamellar layers increases from the outer to inner layers, i.e., in the range of 0.05-0.5
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mm. In each lamella, the collagen fibres run in the opposite direction to the adjacent layer,
which makes them extremely strong and flexible at the same time (Cassidy et al., 1989).
Figure 2 shows a cross-sectional view of the AF and its internal structure.

Figure removed due to copyright restriction

Figure 2: Cross-sectional view of the AF (Newell et al., 2017)
For this study, it is very critical to identify the function of the two respective lamellae in detail
to understand how diabetes will alter them by affecting their micromechanical properties.
Since the AF has a proteoglycan-rich matrix that holds the collagen fibres (O’Connell et al.,
2011), that allows the AF to provide support and help distribute the major and multidirectional
forces and strains that the VD experiences, because of which all the structural components
of the AF undergo various types of forces, and as they distribute throughout the vertebral

column, it in turn affects the kinematics of the entire spine (Notaridis et al., 2006).

Mechanical Properties of the Annulus Fibrosus

The IVD undergoes a combination of torsion, bending, and compression stresses on a daily
basis. The arrangement of the lamellae, which are weakly interconnected, determines the
efficiency of the disc in producing motion (Inoue and Takeda, 1975). The NP deforms when
the IVD is loaded in compression, causing the intradiscal pressure created within the disc to
push it outward onto the CEP and the AF, and when the AF is pushed outward, they are
loaded in tension. Since the AF works in tension, it can distribute the loads between the
vertebral bodies (Adams and Roughley, 2006). AF exhibits viscoelastic responses when
under mechanical loading. The viscoelasticity comes from intermolecular friction, i.e., flow-
independent, and frictional drag force through the tissue matrix of the interstitial fluid flow
(latridis et al., 1999; Powell et al., 1986).

Fujita et al., 1997 reported the difference in the ultimate and yield stresses of healthy and
moderately degenerated AF samples and concluded that the moderately degenerated
samples had a 30% decrease in their yield and ultimate stresses when compared to the
healthy samples, proving that the AF becomes weaker when the disc is degenerated (Fujita

et al., 1997). latridis et al., 1999 conducted a study to investigate the shear properties of the
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AF between healthy and degenerated AF samples under compressive loading (latridis et
al., 1999). They reported that the dynamic shear modulus was in the range of 100 — 400
kPa, and the frequency and strain amplitude affected it, causing a higher shear modulus

under higher strain rates and a lower shear modulus under larger strains.

Effect of Diabetes on the Mechanical Properties

Diabetes mellitus is a condition where there is an excess of glucose present in the body.
There are different types, such as type I, type Il, and gestational diabetes. Diabetes causes
an acceleration in the accumulation of AGEs in the biological tissues, causing them to
degenerate faster (Dilworth et al., 2021). Diabetes affects the properties of bone materials
in human beings. It is said that about 50% of diabetes patients are diagnosed with disc

degeneration in the long term (Jakoi et al., 2017; Liu et al., 2018).

Due to the accumulation of AGEs, there is premature disc degeneration (Allen et al., 2015).
There has been extensive research work done in the past on how the AGEs affect the soft
tissues of the musculoskeletal system. They looked into the IVDs, tendons, articular
cartilages, etc., to see how their tissue mechanics have been altered by using animal models
with induced diabetes such as the murine, ovine, bovine, and porcine models (Reddy et al.,
2002; Svensson et al., 2018). The results of the studies conducted by Krishnamoorthy et al.,
2018 and D’Erminio et al., 2020 reported that connective tissue mechanics were altered as
a decrease in viscoelasticity was observed with an increase in stiffness, failure strength, and
toughness (Krishnamoorthy et al., 2018; D’Erminio et al., 2020). Using diabetic animal
models, research studies were conducted to evaluate and understand the joint-level disc
mechanics by inducing glycation by feeding an AGE-rich diet to the specimens, or the other
method was by inducing in vitro crosslinking, and it was reported that there was increased
joint stability and stiffness. Therefore, in vitro testing using non-enzymatic cross-linking
glycation resulted in improved mechanical properties compared to in vivo testing (Hedman
et al., 2006; Barbir et al., 2010; Kirking et al., 2013; Fields et al., 2015; Krishnomoorthy et
al., 2018).

There is not much done on how the micromechanical properties of the AF are affected
because of diabetes. There were two research studies conducted by the same group that
focused on how diabetes affects the mechanical properties of the AF, conducted by Werbner
etal., 2022 and Zhou et al., 2023, and the second study was a continuation of the first study.
These studies used bovine samples and in vitro glycation techniques, which helped them to

control the tissue hydration, as the main issue faced by past studies was excessive tissue
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hydration (Han et al., 2012; Werbner et al.,, 2022). The first study was tested in the
circumferential-axial direction at two loading rates, and the results reported that at the higher
loading rate, the failure stress and modulus increased. The stiffness of the tissue increased
as the loading rate also increased (Werbner et al., 2022). However, this was contrary to the
past research studies conducted on tendons (Snedeker et al., 2012; Verzijl et al., 2002;
Gautieri et al., 2017).

The main limitation of this study was that they only tested in the circumferential-axial
direction, but in their subsequent study by Zhou et al., 2023, they tested in the
circumferential-radial and radial directions, and the results showed that when the AGE
content was increased, the radial failure stress increased by 40% and the tensile modulus
by ~55% (Zhou et al., 2023). This study was a great advancement in the research field on

how diabetes affects AF mechanical properties.

Effect of Strain Rate on the Annulus Fibrosus

To understand the effect of strain rate on the AF, it must be tested at various strain rates.
For that purpose as reported in the published literature (Tavakoli and Costi, 2018), two
different types of dynamic tests are typically conducted, they are non-destructive dynamic
test, which is the slow, medium, and fast tests, and it would give the measure of modulus
and hysteresis loss coefficient, and destructive dynamic test, i.e., the failure test in which
the specimen is loaded to failure, and it would tell us about the toughness and strength of
the specimens. A study by Tavakoli and Costi, 2018 using the CellScale microtensile testing
machine (CellScale, Waterloo, Ontario, Canada) used three different strain rates of 0.1%
(slow test), 1% (medium test), and 10% (fast test), and the results showed an increase in
stiffness when the strain rate increased for all the specimens taken from all the
circumferential regions as they underwent compression loading, and this was because the
strain rate values were from a wider range (Tavakoli and Costi, 2018). From this, it was
understood and concluded that the IVDs do exhibit viscoelastic properties. During the failure
test, the failure force found was significantly higher in tension compared to when the
specimens were under shear loading. This study showed strain rate-dependent behaviour

during dynamic loading.

Gap in the Literature

All the previous research works have been conducted on animal models by inducing
glycation artificially, which is a time-consuming and challenging process. There is very little



research being conducted on the effects of diabetes on the AF, and to be specific, only two
studies have been conducted at the micromechanical level in this area. Therefore, this
research study will bridge the gap in the literature by performing micromechanical testing on
human cadaver AF samples between diabetic and healthy specimen groups to understand

how the properties are affected.

The main aim of this research study is to investigate the effects of diabetes on the
micromechanical properties of the AF in the posterior lateral (PLT) region using human
cadaver specimens and to understand that the results of the diabetic group will be compared
to those of the control (healthy) group. The tests will be performed using the CellScale
BioTester machine (CellScale, Waterloo, Ontario, Canada), and the specimen will be tested
at three different strain rates and then subjected to a failure test in the tensile and shear

direction.

METHODOLOGY

This study was conducted on human cadaver VD samples provided by the Biomechanics
and Implant Laboratory, Room 5.24, situated at Flinders University, Tonsley campus. The
specimens used in the formal study were divided into two groups, control group (n = 3,
healthy or non-diabetic) and the diabetic group (n = 3, from diabetic cadavers). One
additional healthy disc was used for pilot testing. For all testing of human tissue, specimens
were taken from the PLT region of the IVD (Table 1). All slicing was completed by hand. The
methodology used in this study was adapted from Tavakoli and Costi, 2018 for preparing

and gripping the sample, and for experimental testing.

Table 1: Specimen Information and Demographics

Specimen Test Disc Gender Age Group

number level (in vears)

GL191447 Pilot L2-13 Male 34 Healthy
GL 1809052 Formal | L1-L2 Male 74 Diabetic
GL1911447 Formal | 1213 Male 74 Diabetic
GL1911471 Formal | T12—L1 | Female 83 Diabetic
GL1808864 Formal | T12-L1 Male 73 Healthy
GL1911504 Formal | 1213 Male 25 Healthy
GL1912463 Formal | T12—L1 | Female 96 Healthy

The testing was conducted in three different stages using the same methodology. The first
stage was the practice testing, which was conducted on two sheep IVDs to learn how to
isolate the IVD from the functional spinal unit (FSU) and acquire the required skills and

detailed techniques. The second stage was the pilot testing, which was conducted on one
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healthy human cadaver IVD to confirm the methodology by Tavakoli and Costi, 2018 on
human samples and to validate that it was repeatable. Lastly, formal testing was conducted
on six human cadaver IVDs, i.e., three per group. After every stage of testing, the data was
checked for consistency and quality. This gave a consistent and repeated testing

methodology for each specimen (Figure 3).

Experimental Testing

r—-—=-=-"=-"=-"~"-"=-"=-"="=== |
1 Strain rates |
| —_— |
Sample preparation ] — ] |
|

Practise Testing [ Sheep (n = 2) r——————1 I Slow I :

4 Tensile | I

- - | sample Sandpaper l/ I - ! Data
Pilot Testing »| Human (n = 1) I slicing Ba gripping I Medium I s alysis
~lal  Shear I I |
| |
Formal Testing | ! Human (n=6) I. — i — — — — —I 1 | Fast I 1
{_1_\ I :
I | | 1
Fail

Diabetic n = 3 Controln = 3 ! | aure | I
| 1
1 |

Figure 3: Flow diagram of the testing methodology

The disc isolation was practiced on sheep spines because of the limited availability of human
samples. For pilot testing, the sheep discs (n = 2) were isolated from the whole FSU using
a scalpel and bone cutter. It was noticed that the sheep disc was smaller in size and disc
height, and the posterior region was lacking in thickness, due to which only the anterior and

anterior lateral regions were tested (Appendix A, Figure 1).

Specimen Preparation

Human discs were isolated using the method derived from sheep disc isolation (Appendix
B) and frozen at —20°C and then they were taken out and immediately cut into 5 mm wide
segment blocks from the PLT region using a scalpel. The cuts were made exactly at a 90°
angle downwards (Figure 4, a-b). Then a hand-held microtome was used for slicing
segments by hand into 1 mm thick slices. The microtome was adapted using a 3D-printed
platform for holding the specimen and a circular rotating dial for moving the platform up and

down (Appendix A, Figure 2).

The 3D-printed platform was lined with masking tape to create a mould and kept on the
microtome (Figure 4, ¢). The 5 mm wide PLT segment from the 1VD was then placed in the

mould and filled with optimal cutting temperature (OCT) compound (Tissue-Tek, Sakura,



Japan), and kept in the walk-in freezer at —20°C for 50 — 55 minutes to set the OCT (Figure
4, d). After, using a feather blade, two 1 mm thick slices were cut transversely, by hand, and
for measuring 1mm thickness the circular dial was turned two times clockwise with
reference to zero on the scale on the hand-held microtome (Figure 4, €). Then phosphate-
buffered saline (PBS) was sprayed to dissolve the OCT around the slices (Figure 4, f). Two
slices of measurement 1 mm (thickness) X 5mm (width) were taken, one for tensile
testing and one for shear tests. Since there were six specimens, in total, 12 slices were
obtained. When one slice was getting prepared for testing, the other slice was wrapped in

gauze and sprayed with PBS, then covered in cling wrap and kept back in the freezer. It is

assumed that there is no damage to the AF tissue occurred while cutting and isolating it.

Figure 4: (a) Labelled human IVD, (b) 5 mm wide block cut, (c) masking tape mould for the
microtome, (d) specimen with OCT compound, (e) cutting 1 mm transverse slice from the frozen
sample, (f) Different slices obtained, (g) zoomed in picture of one slice

Gripping of the Specimen

The specimen slices of measurement 1 mm (thickness) X 5mm (width) (Figure 5, a) were
gripped using sandpaper strips. These sandpaper strips were cut from 180 grit sandpaper
sheets with a measurement of 7 mm (width) x 50 mm (length) andthen masking tape was
wrapped on one end of the strips to help it float in the PBS bath while testing (Figure 5, b).
The sliced specimen was placed on the rectangular glass slide, and using the microscope,
two sets of functioning lamellae units consisting of two ILM were selected by looking for two

pairs of one translucent layer (ILM) between two opaque layers (lamellae).

Loctite 480 back-dyed slow-setting glue was used for sticking the sandpaper strips to the
specimen. A very small amount of glue was put on the strip and spread evenly using a thin

needle (Figure 5, c). The excess glue was removed to avoid leakage. Then the strip was



very carefully stuck onto the specimen from the top and bottom so that the distant end of
the slice was gripped. The first slice was prepared for tensile testing, and the second slice
was prepared for shear testing (Figure 5, d-e). For shear testing, the specimen was placed
90° to its position in the tensile direction. After the glue was set (approximately 2 mins), the
specimen was transferred to the testing CellScale BioTester (CellScale, Waterloo, Ontario,

Canada) between two rectangular aluminium plates to keep its position intact.

Figure 5: (a) Two slices of the specimens for testing, (b) sandpaper strips prepped using masking
tape on one end, (c) Loctite 480 glue, (d) specimen prepared for tensile testing, (e€) specimen
prepared for shear testing

Experimental Testing

The prepared test specimen was released into the PBS bath of the CellScale machine, and
then CellScale Labjoy software (CellScale, Waterloo, Ontario, Canada) was opened on the
desktop, and the required template was selected. The PBS bath was lowered, and the
prepared test specimen was released into the PBS bath of the CellScale BioTester machine
(Figure 6, a), and then CellScale Labjoy software (CellScale, Waterloo, Ontario, Canada)
was opened on the desktop and the required template was selected. The PBS bath was
lowered, the actuators were reset, and then the distance from the gripper-to-gripper end was
measured using a digital vernier calliper and entered into the system, and the actuators were
moved to the measured distance, which was specimen specific. The specimen was then
loaded onto the clamps of the device, and the lights were positioned correctly (Figure 6, b-
c). After that, the microscope camera’s contrast and focus were adjusted accordingly. Then
a preload of 100 mN was applied to the specimen. The specimen was subjected to non-
destructive dynamic tests at three different strain rates, which are slow (0.1 %s~1), medium
(1%s~1), and fast (10 %s~1), where the frequency for data acquisition was set at 1 Hz, 5
Hz, and 100 Hz, respectively. For each strain rate, five cycles of dynamic loading were

performed, after which the specimen was subjected to the destructive test (failure test) at a
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10% strain rate. All these tests were performed in tensile and shear loading directions. Here,
it is assumed that the obtained data is consistent and accurate, and the calibration of the

CellScale machine has been performed.

Tension

Il =

Shear

Figure 6: CellScale BioTester machine, (b) specimen loaded in the tensile direction, (c) specimen
loaded in the shear direction

Data Analysis

By conducting the practice test on sheep and the pilot test on a human disc, the methodology
was validated as the data obtained was consistent. Its repeatability was confirmed as the
analysed data provided intended results, and it confirmed the mechanical properties, such
as the viscoelasticity and failure load, of the IVD. Measures obtained from CellScale were
force (mN), time (seconds), and displacement (um) and using the MS Excel template, the
force versus time and force versus displacement graphs were plotted. For the data analysis
to provide acceptable results, the specimens and respective test results underwent quality
check strategies such as making sure the dimensions of the specimen were uniform
according to the given measurements in the protocol, ensuring there is no slippage of the
specimen, to validate the gripping technique, the response of the sample to the testing
should present optimal results, and that was confirmed from the force versus displacement

graph, and there should not be leakage of glue over the specimen.

Then, by calculating the area of the gripped specimen using the width and thickness of the
specimen, the stress was obtained from the ratio of the force and area. The strain was
obtained as the ratio between the change in length and the initial length. This was then
plotted using the MS Excel template. From the calculated stress and strain data of the last

cycle, the stiffness was calculated by putting the best line of fit in the loading curve’s linear
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region and obtaining the slope using the linear regression formula. The linear region for the
line of best fit was chosen between 25% and 35% of the last cycle’s loading region (Tavakoli
and Costi, 2018) then maximum stress was obtained. Also, the hysteresis loss coefficient
was obtained from the area calculated using the stress and strain curves. The hysteresis
loss coefficient is the area between the last cycle’s loading and unloading curve and dividing
it by the area under the loading curve using the trapezoid polynomial formula in the MS
Excel template. For the failure test, force versus displacement graphs were plotted and using
the MS Excel template the failure load or maximum force was acquired and energy absorbed
was calculated. Due to the small sample size, the median and interquartile range (IQR) were
calculated and represented using error bars on the graphs to determine the correlated
variations in the data, instead of the mean and standard deviation. Results were analysed
using the graphs plotted from the data directly on MS Excel, and these trends were then
compared and discussed. For the formulas used for all the calculation refer Appendix C.

RESULTS

In the formal testing stage, two AF slices, from each of six specimens were tested in total,
i.e., three specimens each from the control (healthy or non-diabetic) group and diabetic
group. One of the two slices were tested in tension and the other slice in shear. Each slice
was subjected to non-destructive tests at three strain rates, followed by a destructive (failure)
test, representing a total of four tests per specimen. Therefore, in total, 48 tests were
conducted to obtain the results for this study. It was confirmed that the sandpaper with glue
gripping technique showed no slippage since no relative motion between the sandpaper and
specimen was observed throughout the testing. Hence, no tests were excluded from the

results.

Briefly, all methods were first piloted using sheep IVD to reinforce good technique and
repeatable testing. Upon completion of the pilot testing, the specimens were repeatedly
showed no slippage and consistent loading curves (Appendix A, Figure 3). All the results

were first tabulated, compared and then plotted (Appendix D).

Non-Destructive Testing

Maximum Stress

The median = IQR values of the maximum stress at three different strain rates
(0.1%s71,1 %s ™1, and 10 %s~1) were calculated for three specimens at each strain per

group between tensile and shear tests for the control and diabetic groups. Generally,
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diabetic specimens appeared stiffer in the tension direction across all loading rates (Figure
7).

Median Maximum Stress at Different Strain Rates: Tension and Shear
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Figure 7: Median maximum stress at different strain rates
Stiffness

The median = IQR values of the stiffness at three different strain rates
(0.1%s71,1%s1,and 10 %s~1) were calculated for three specimens at each strain per
group between tensile and shear tests for the control and diabetic groups. Generally,
diabetic specimens appeared stiffer in the tension direction across all loading rates (Figure
8).

Median Stiffness at Different Strain Rates: Tension and Shear
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Figure 8: Median stiffness at different strain rates
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Hysteresis Loss Coefficient

The median + IQR values of the hysteresis loss coefficient at three different strain rates
(0.1%s71,1 %s ™1, and 10 %s~1) were calculated for three specimens at each strain per
group between tensile and shear tests for the control and diabetic groups (Figure 9). This
was obtained by dividing the energy absorbed by the area under the loading curve. In the
graph given below, the x-axis represents the different tests, and the y-axis represents the
hysteresis loss coefficient.

Median Hysteresis loss Coefficient at Different Strain Rates: Tension
and Shear

il

Control Diabetic Control Diabetic

Hysteresis loss coefficient

Tension Shear

B Slow B Medium M Fast

Figure 9: Median hysteresis loss coefficient at different strain rates

Destructive or Failure Testing

Destructive testing was conducted under tensile and shear directions for every specimen.
The specimen was subjected to a ramp test to failure at a strain rate of 10 %s~! and the

median + IQR values of the peak force and the energy absorbed at failure were calculated.

Failure - Force Vs Displacement

Peak load

Figure 10: (a) Specimen at peak failure load, (b) Graph representing the failure test
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Figure 10 indicates the peak force at which the specimen starts to tear in the tensile direction

from the load applied.

Failure Load

The median + IQR values of the peak load at failure were calculated for three specimens
per group between tensile and shear tests for the control and diabetic groups. Generally,

the peak force at failure is less for diabetic specimens in the shear direction (Figure 11).

Failure Test - Median Peak Force at Different Strain Rates:
Tension and Shear
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Figure 11: Median peak load at failure at different strain rates

Energy Absorbed at Failure
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Figure 12: Median energy absorbed at failure at different strain rates
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The median = IQR values of the energy absorbed at failure were calculated for three
specimens per group between tensile and shear tests for the control and diabetic groups.
Generally, the peak force at failure is less for diabetic specimens in the shear direction

(Figure 12). The energy absorbed is the area under the loading and unloading curve.

DISCUSSION

All the graphs are plotted from the final cycle of the testings, and all the mechanical
properties examined for the control and diabetic groups exhibited viscoelastic behaviour.
The data analysis of the obtained data showed distinguishable trends, of which some were

consistent with the past literature, and some were inconsistent. The results are discussed
and compared in detail in the sections below.

Non-Destructive Testing - Viscoelasticity
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Figure 13: Graph showing the loading and unloading curves of the final cycle

The stress versus strain and force versus displacement curves of the non-destructive testing
conducted on the specimens showed viscoelastic behaviour (Figure 13). The loading and
unloading curves demonstrate that the specimen underwent displacement when the force
was applied during the loading phase but returned to its original position during the
unloading phase. This representation also shows hysteresis loss, i.e., the area under the
loading and unloading curves, which is expected from the mechanical properties of soft

tissues. The specimens had a strain-rate response, which means that differing energies and
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stiffnesses were observed across the three different strain rates, i.e., the specimen stiffens
as the strain rate got faster, more like a solid. The stress versus strain graph shows the final
loading of the same specimen at the three different strain rates for tensile testing, and it

shows how stiffness increases with the increasing loading rate (Appendix A, Figure 3).

Stiffness

The stiffness was seen to increase with the increasing strain rate in both the tensile and
shear directions in both groups of specimens, i.e., the specimen was starting to act like a
solid as the strain rate increased. It was noticed that in the tensile direction, the diabetic
specimens were comparatively stiffer than the healthy specimens. This finding is in
agreement with the results of the previous study conducted by Krishnamoorthy et al., 2008
and D’Erminio et al.,, 2020 on the diabetic animal model. Which stated that stiffness
increases when affected by diabetes (Krishnamoorthy et al., 2008 and D’Erminio et al.,
2020). However, in the shear direction, it was contracting these results as the diabetic
specimens had lower stiffness, this could be because shear is also naturally weaker, similar
to Tavakoli and Costi, 2018, where they stated that shear has a low modulus (Tavakoli and
Costi, 2018).

The loosening of the tissue fibres in the testing sample was noticed while loading the sample
after the slow test in the shear direction for two specimens, where the specimen looked
stretched in the video recordings of these tests. There was an issue with the preload, as it
was noticed that it was not reaching 100 mN as quickly as it was supposed. This could be
due to the stretched tissue fibres, because of which the machine was not able to apply the
required force. This also led to testing the same slice of specimen twice at a medium strain
rate and twice at a fast strain rate for specimen GL1809052. For GL1911471, it was tested
twice at a medium strain rate, and both of these situations occurred during shear testing.

However, the reason for the loosening of the tissue fibres is not known.

Maximum Stress

The maximum stress increased with the increasing strain rate and in the tensile direction. It
was shown that the diabetic specimens had higher maximum stress compared to the control
group, maybe because they are stiffer compared to the healthy specimens. However, in the
shear direction, it was the opposite, and the reason could be the same as mentioned for

stiffness, the loosening of the tissue fibres while testing.
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Hysteresis Loss Coefficient

The hysteresis loss coefficient was observed to be high at a slow strain rate and reduced
when the strain rate was increased, but this trend was only seen in the control specimen
group. The diabetic group had variance in their hysteresis loss coefficient levels. This
hysteresis loss coefficient gave an indicator of how much energy is absorbed through the

whole cycle, i.e., the loading and unloading phases.

The overall trend of the graph showed that the hysteresis loss coefficient is considerably
less in the tensile direction compared to the control group; however, in the shear direction,
it was only slightly less. The hysteresis loss coefficient was highest in the shear direction for
the slow strain rate for the control group, and the lowest was in the tensile direction for the
diabetic group for the medium strain rate. For the specimen GL1809052, the hysteresis loss
coefficient was -0.0229 which was contradictory as this means there was energy gain
instead of loss, and this could be possibly due to the sandpaper giving a spring effect on the
specimen. However, it was not possible to exclude this result from the calculation because
of the small sample size. Overall, the specimens taken for this study exhibited viscoelastic

properties with their strain rate-dependent behaviour and hysteresis.

Failure Load

This is the peak load that is recorded during the failure test. During the failure test, the first
of point deformation is at yield strength, and when the force becomes greater than yield
strength, it reaches the peak load or maximum force. This is the second point of deformation,

or the plastic region, where the specimen will break, leading to permanent deformation.

The peak load at failure was high for the diabetic group compared to the control group in the
tensile direction, but this trend contradicts the results of the study done by Werbner et al.,
2022, which say that diabetes leads to a decrease in failure load as the tissues are stiffer in
nature, which leads to failure faster, but this variation could be because of difference in the
testing method. However, in the shear direction, the results are consistent with the previous
literature, where the diabetic group shows less peak load at failure compared to the control
specimen because the healthy specimens have a higher peak load at failure. It also has to
be considered that the study conducted by Werbner et al., 2022 was tested on bovine
samples in the anterior and posterior regions only at two loading rates (high and low). The
contradiction in the results could be because of this reason (Werbner et al., 2022).
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Energy Absorbed at Failure

The energy absorbed at failure was calculated for control and diabetic specimens between
tensile and shear tests, and their median and IQR values were obtained. The graph showed
that the energy absorbed was less compared to the control group in the tensile direction,
and it was the opposite in the shear direction. In the tensile direction, the median + IQR
values between the control and diabetic groups did not have too much variance and were
close to constant. However, in the shear direction, the diabetic specimens had a higher value
compared to the control group.

Limitations

The main aim of this research study was to investigate the effects of diabetes on the
micromechanical properties, such as stiffness, viscoelasticity, hysteresis loss coefficient,
and failure load of the AF in the PLT region using human cadaver specimens, and that was
achieved successfully. However, this study has a few limitations that must be addressed.
The first one being the sample size; it was n = 3 for the control and diabetic groups,
respectively, and for this study, and that was a small sample size, which did not provide
sufficient data for statistical analysis. Also, because of a few issues with slicing the specimen
using the hand-held microtome, there were tears in the initial slices, due to which they could
not be used. This reduced the number of slices from the specimens, because of which
repeatability testing was not possible if time permitted. Due to the small sample size, there
was variability among the data obtained from the specimens because of which comparing

the results to previous literature was challenging.

Due to the limited availability of human IVD samples, the specimens were not from the same
age group, and the genders of the specimens were also different. Because of these factors,
a proper comparison could not be carried out between different age groups and both
genders, as there was not enough data to do this. The next limitation is the IVDs being from
mixed vertebrae levels instead of from the same level, this again being due to the difficulty
in finding human specimens. This factor could have led to a few variations in the results, as
there could be differences in the mechanical properties between different vertebrae levels,
even though it is not a big difference. There was no control over the diabetic history of the
specimens, because of which it was not known for how long they have had diabetes.
However, it was mentioned in the donor summary that one of the specimens had type I
diabetes, and for the other two specimens, it just said history of diabetes. Having this

information could help a lot in interpreting the results and having a better understanding.
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CONCLUSION

In conclusion, the main purpose of this research study was to look into how diabetes affects
the micromechanical properties of the AF in the PLT region. This was achieved by examining
the AF from human cadaver samples and obtaining results in terms of viscoelasticity, and
the stiffness, maximum stress, hysteresis loss coefficient, and failure load and energy
absorbed at failure were calculated from the data obtained in terms of time, force, and
displacement. The effects of diabetes on these micromechanical properties at three different
strain rates at tensile and shear loading directions were obtained and compared between
healthy and diabetic specimen groups using the methodology adapted from the study by
Tavakoli and Costi, 2018. The findings of this study are that the diabetic specimens showed
higher stiffness compared to the healthy specimens in the tensile direction, but in the shear
direction it showed lower stiffness. Hysteresis loss coefficient was considerably lower in the
tensile direction; and the diabetic specimens showed lower failure load in the shear direction.
Along the way, a few limitations were experienced, due to which there was variability in
some of the results. There was no control over the diabetic history, age, and gender of the
specimens and from which vertebral level the discs were harvested. The biggest limitation
was the small sample size. The data and results obtained from this study are a significant
step closer towards to understanding the effects of diabetes on the AF, as there is very little
study done in that research area and adding to the database of mechanical properties will
contribute to combining experimental side with computational techniques to improve the

methods for diagnostics in future.

FUTURE WORKS

For the future extension of this research study, instead of human cadaver AF samples,
testing can be conducted on surgically retrieved human AF samples, and then the
specimens of the study can be categorised based on their diabetic history, age, and gender.
And then the results can be compared to see how they affect different categories. The study
could also use a larger sample size from which sufficient data can be obtained to conduct
statistical analysis using IBM SPSS to perform the ANOVA test. To have a better
understanding of the tissue creep and stress relaxation tests can be conducted.
Furthermore, the regions can be divided into outer and inner regions for further
categorization. Overall, a larger sample size and control over the various factors mentioned

above will provide a better understanding of the effects of diabetes on the AF.
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APPENDICES

Appendix A

e |solation of sheep disc

|
Figure 1: (a) Sheep spine, (b) Identifying the IVD and making a cut

horizontally to separate it, (c) The isolated sheep VD

e Hand-held microtome

Stage holding the 3D
printed platform

Screw for fixing
the height

specimen in place

3D printed platform
for holding the
specimen

Circular rotating
dial

Figure 2: Parts of hand-held microtome
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e Stress versus strain graph for the same specimen at the three different strain rates.

Stress versus Strain - Tensile Test
350

Slow

Medium

Stress (N/mm)

—— Fast

Strain

Figure 3: Stress versus strain graph

Appendix B

Testing Protocol
Disc isolation:

e The whole spine was thawed outside for 3 to 4 hours before the dissection.
e Then the disc level is chosen and using the thumb tracing along the IVD the CEP was
identified.

e Slowly using a scalpel incision is made on the superior and inferior ends of the disc
to detach it from the whole functional spinal unit.

e Use a bone cutter to remove the bone in the posterior side and make space. Keep

making the incision bigger and isolate the disc from the spine.
Sample preparation and segmentation:

e After isolating the 1VD they will be first frozen at —20°C in the deep freezer.

e Then the frozen isolated 1VD will be segmented into the required regions with the
measurement of 5 mm (wide) using a scalpel blade making the cut at 90° angle to

the ILM. For this research we will be mainly looking at the PLT region.
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e After that the segmented IVD region will be wrapped in a gauze and PBS will be
sprayed on it and stored in an air-tight container after labelling them.

e The next step will be to cut the segmented I1VD region transversely for that masking
tape will be lined circumferentially around the 3D printed platform of the hand-held
microtome and then the sample will be kept in the middle and submerged in OCT
compound and will be frozen at —20°C within the microtome for 45 mins to 1 hour.

e Once it is ready, remove it from the freezer, remove the masking tape and slice into
1 mm (thickness) using a feather blade by turning the microtome two times
accordingly to get the correct measurement.

e Two slices will be cut from each specimen as one slice each is required for tensile
testing and shear testing. In total 12 slices will be obtained from six IVD samples
(three samples each group).

e PBS will be sprayed on to the sliced samples for the OCT compound surrounding it
to dissolve.

Gripping of the sample using sandpaper:

e After the OCT compound is dissolved the sample is placed on a slide.

e Then four strips of sandpaper of the dimensions 6 mm (width) x 60 mm (length) were
cut out from a 180-grit sandpaper sheet.

e Placing the sample slide under the microscope or magnifying glass to identify two
sets of functioning lamellae units, i.e., two sets of ILM lying between two adjacent
lamellae.

e Then applying the Loctite 480 glue, i.e., black dyed glue, on the edge of the
sandpaper strips and evenly spreading it using a needle to remove the excess and
then pressing the strips onto the sample carefully (2 mins drying time) and then
flipping it doing the same step and sticking the other two sandpaper strips on the
sample. (stick masking tape on one end of each sandpaper strip).

e Prepare the sample for tensile and shear testing such that when the strips are glued
on the force applied will act in tensile direction for the first slice and in shear direction
(90° to the position of the sample during tensile testing) for the second slice.

e Then the prepared samples will be transported to the CellScale testing machine in

between two plates so that they don’t get damaged.
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Mechanical testing:

e Fill the CellScale bath with PBS and then release the prepared test sample into the
bath and it will float because we have taped the distant ends, from the gripped
specimen, of the sandpaper strips.

¢ Open the Labjoy software on the computer and open the required template from the
set folder and name the file according to the given format.

e Lower the water bath and then reset the actuators.

e Measure the sample size, i.e., gripper to gripper distance, using a digital vernier
calliper and set it in the system and then click move to size.

e Reduce the jog speed to 2 from 10 to have actuator control and obtain the correct
distance between the actuators for the loading specimen. Then load the specimen
onto the device using the two clamps given. Apply a preload of 100 mN.

e Then the specimen was subjected to dynamic tests (slow, medium, and fast tests),
where the frequency for data acquisition was set as 1 Hz, 5 Hz and 100 Hz,
respectively.

¢ Five cycles of dynamic loading were performed for each test and the specimens were
stretched to 40% of their initial length at different strain rates, i.e., 0.1 %s™1, 1 %s™1,
and 10 %s~?! for slow, medium, and fast tests, respectively for tensile and shear
loading.

e Afterthat at 100 Hz data recording and 10% of strain rate, failure test was performed.

Data and statistical analysis:

e The result from the CellScale machine gives force versus displacement data and
force versus time data.

e That is copied onto the MS Excel template created and the graph between stress and
strain of each point is plotted.

e Then using the line of best fit from the linear region of the loading curve stiffness is
calculated.

e Using the stress and strain the area under the loading and unloading curve is
obtained from which the hysteresis loss coefficient is calculated.

e For the failure test, obtain the peak load and energy absorbed at failure.

¢ Median and interquartile range was calculated for all values and graphs were plotted.
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Appendix C

Formulas and calculations used for the finding the parameters

e Stress

o=—

A
Where, F is the resultant force obtained after the displacement is applied

A is the cross-sectional area of the specimen

e Strain

AL
£ =—
LO

Where, AL is the change in the length, which is the difference between the initial length and
final length
L, is the initial length

e Stiffness
The gradient obtained from the slope equation of line of best from the linear region of the

loading curve of the stress and strain relationship.

e Maximum stress and peak force
This is obtained by using the functions MAX(stress) and MAX(force) in the MS Excel

template.

e Energy absorbed and hysteresis loss coefficient
These were found using the stress and strain values and calculating the area from which
the area under the loading and unloading curves are calculated on the MS Excel template.
Energy absorbed is the difference between the area under the loading curve and area
under the unloading curve.
Hysteresis loss coefficient is the ratio of energy absorbed by the area under the loading

curve.
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Template for finding the stiffness and maximum stress
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Template for finding the hysteresis loss coefficient and energy absorbed

1 |Strain Stress  Area

2 0 7.2] 2.139535
3 | 0.232558 11.2] 2127907
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5 | 0.639535 7.2] 1.430233
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Appendix D

Table 1; Maximum Stress of the Control Group

control (Tension) control (shear)
Sample slow | medium fast slow medium fast
GL1808864 48.4 56.2 56.2 | 134.6 150.2 | 210.8
GL1911504 19 58.2 111 93.4 138.4 89.4
GL1912463 77.8 48.4 140.4 | 269.6 412.4 | 502.4
Median 48.4 56.2 111 | 134.6 150.2 | 210.8

Table 2;: Maximum Stress of the Diabetic Group

Diabetic (Tension) Diabetic (shear)
Sample slow medium fast slow | medium fast
GL1809052 134.6 189.4 | 269.6 | 50.4 32.8 44.4
GL1911447 162 195.2 297 19 77.8 118.8
GL1911471 58.2 48.4 73.8 | 26.8 64 85.6
Median 134.6 189.4 | 269.6 | 26.8 64 85.6

Table 3: Stiffness of the Control Group

control (Tension) control (shear)

Sample slow medium | fast slow medium | fast

GL1808864 | 0.6967 0.5512 1.351 | 4.8899 5.7913 | 7.6148

GL1911504 | 0.4347 1.9128 | 4.1034 | 3.7953 4.6724 | 2.6376

GL1912463 | 2.5061 1.098 | 3.5918 | 11.885 16.952 | 18.891

Median 0.6967 1.098 | 3.5918 | 4.8899 5.7913 | 7.6148

Table 4: Stiffness of the Diabetic Group

Diabetic (Tension) Diabetic (shear)

Sample slow medium | fast slow medium | fast

GL1809052 | 4.7397 6.4742 | 9.1907 1.573 0.5502 0.572

GL1911447 | 4.9189 7.4861 | 9.2447 | 0.5731 2.3105 | 3.0577

GL1911471 | 1.7824 0.77 | 2.0293 | 0.5879 2.2759 | 2.8627

Median 4.7397 6.4742 | 9.1907 | 0.5879 2.2759 | 2.8627
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Table 5: Hysteresis Loss Coefficient of the Control Group

control (Tension) control (shear)
Sample slow med fast slow med fast
GL1808864 0.09293 | 0.054774 | 0.01685 | 0.289747 | 0.260198 | 0.118093
GL1911504 | 0.272026 | 0.165338 | 0.149536 | 0.270089 | 0.213178 | 0.109306
GL1912463 | 0.115329 | 0.081756 | 0.082513 | 0.163634 0.1112 | 0.023546
Median 0.115329 | 0.081756 | 0.082513 | 0.270089 | 0.213178 | 0.109306
Table 6: Hysteresis Loss Coefficient of the Diabetic Group
Diabetic (Tension) Diabetic (shear)
Sample slow medium fast slow medium | fast
GL1809052 | 0.083005 | 0.0514835 | 0.153153 | 0.021882 | 0.064905 | -0.02289
GL1911447 | 0.196277 | 0.1299171 | 0.139247 | 0.272026 | 0.320015 | 0.18392
GL1911471 0.08479 | 0.0523776 | 0.079541 | 0.183294 | 0.227307 | 0.089113
Median 0.08479 | 0.0523776 | 0.139247 | 0.183294 | 0.227307 | 0.089113

Table 7: Peak Load at Failure for the Control Group

control
Sample Tension shear
GL1808864 1974 1974
GL1911504 1113 3775
GL1912463 3530 6241
Median 1974 3775

Table 8: Peak Load at Failure for the Diabetic Group

Diabetic
Sample Tension shear
GL1809052 2943 2845
GL1911447 2004 2072
GL1911471 3041 761
Median 2943 2072
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Table 9: Energy Absorbed at Failure for the Control Group

control

Sample

Tension

shear

GL1808864

42856.43

28957.29

GL1911504

3141.069

189748

GL1912463

36629.37

57926.01

Median

36629.37

57926.01

Table 10: Energy Absorbed

at Failure for the Diabetic Group

Diabetic
Sample Tension shear
GL1809052 | 30508.02 | 240814.6
GL1911447 | 4902.956 | 91621.87
GL1911471 | 49565.74 | 36708.44
Median 30508.02 | 91621.87
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