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Abstract

Objective: The present study investigates viscoelastic properties of human autopsy brain tissue
via nanoindentation to find feasible biomarkers for Alzheimer’s Disease (AD) in ex vivo condition
and to understand the mechanics of the human brain better, especially on the difference before and
after progression of AD.

Methods: Viscoelastic properties of paraformaldehyde-fixed, paraffin-embedded thin (8 pm)
sectioned normal and AD affected human autopsy brain tissue samples are investigated via
nanoindentation with a combined loading profile of a linear preloading and a sinusoidal loading at
various loading frequencies from 0.01 - 10 Az In 1,200 indentation tests for 10 human autopsy
brain tissue samples from 10 different subjects (5 AD cases and 5 normal controls), viscoelastic
properties such as Young’s modulus, storage modulus, loss modulus, and loss factor of both gray
and white matter brain tissues samples from normal and AD affected tissues were measured
experimentally.

Results: We found that the normal brain tissues have higher Young’s modulus values than the
AD affected brain tissues by 23.5 % and 27.9 % on average for gray and white matter,
respectively, with statistically significant differences (p < 0.0001) between the normal and AD
affected brain tissues. Additionally, the AD affected brain tissues have much higher loss factor
than the normal brain tissues on lower loading frequencies.
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Significance: AD is one of the leading causes of death in America and continues to affect a
growing population. The challenges of recognizing the early pathological changes in brain tissue
due to AD and diagnosing a patient has led to much research focused on finding biomarkers for
the disease. In this regard, understanding the mechanics of brain tissues is increasingly recognized
to play an important role in diagnosing brain diseases.

Introduction

Alzheimer’s Disease (AD) is a progressive, irreversible, degenerative brain disease that
affects an individual’s memory that is not normalized by cueing [1]. AD continues to grow
in significance as the disease affects more individuals. The Alzheimer’s Association reports
that AD is the sixth leading cause of fatalities in the United States of America and the fifth
leading cause of fatalities in individuals 65 years of age and older, while it is estimated that
5.7 million Americans are living with AD in 2018 [2]. Furthermore, every 65 seconds an
individual develops AD and by 2050 it is projected that this time will drop to every 33
seconds [2]. The financial effect of the growing impact of AD is also of great concern with
the total payments for health care, long-term care, and hospice for people with AD and other
dementias are estimated to be $277 billion in the United States in 2018 [2].

With the growing number of people affected by AD diagnosing the disease has quickly
become the forefront of much research. However, with the inconstancies in and limitations
of AD diagnosis only 1 in about every 4 individuals who have developed the disease are
diagnosed and there are currently no treatments or therapies that delay or prevent the onset
of AD [2]-[4]. Currently, AD can only be diagnosed unequivocally postmortem through
brain tissue examination from an autopsy [2]. Preclinical AD, a stage where AD pathology
in the brain takes place but no symptoms are yet apparent in the individual, is predicted to
begin up to a decade or longer before any cognitive effects can be detected. It is only after
considerable neuron loss in the brain that deterioration can be clinically detected [5]. Thus,
AD biomarkers and brain imaging techniques are being explored to detect the onset of AD.

Specific neuropathological changes in AD affected brain tissue include neurofibrillary
tangles and extracellular parenchymal lesions [6]. As AD progresses, significant synaptic
deterioration resulting in brain atrophy and amyloid protein accumulation is present [7].
According to current studies, AD affects grey and white matter of brain tissue differently.
One study presents the notion that white matter hyperintensities’ volume levels are elevated
in individuals that have AD and can be present years before the onset of symptoms [8].
Along with the integrity of white matter being compromised in the corpus callosum, the
hippocampal volume also diminishes [9]. Another study shows that grey matter atrophy
occurs in the left parahippocampal gyrus, left posterior cingulate gyrus, right fusiform gyrus
and right superior frontal gyrus [10]. Analyzing these specific structures of the brain are
bringing about novel ways to identify, classify, and interpret different stages of AD.
Furthermore, investigating the mechanical properties of AD affected brain tissue can bring
about new approaches to detect AD. For example, many research groups investigated the
mechanical properties of amyloid-g (Ap) (1-40) amyloid fibril which is one of the well-
known biomarkers for AD and reported its Young’s modulus as 2-31 GPa under various
loading conditions [11]-[13].
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Indentation is widely used for mechanical characterization of biological soft tissues, since it
is currently the most accessible way to quantitatively measure mechanical properties of a
sample [14]-[17]. Many research groups, including ourselves, have investigated the
characterization of biological materials such as soft tissues and cells via indentation and the
results have shown that it can be used for finding a biomarker indicating the onset of certain
diseases [16]-[24]. Since load-displacement curves from an indentation test do not directly
yield material properties, additional analysis efforts such as transferring the experimental
results to stress-strain curves are required. Unlike a tensile or a compression test, however,
transferring load-displacement curves to stress-strain curves is another challenging problem
in indentation for accurate characterization of material properties [25]. For example, there
are many different definitions of the contact areas depending on the geometry of tips and
indentation strain to obtain stress-strain curves from indentation and they yield inconsistent
results each other [26]-[29]. Although the accuracy of stress-strain curves from indentation
has been improved significantly by combining numerical techniques such as finite element
methods, a standardized method to obtain stress-strain curves from indentation for accurate
characterization of viscoelastic soft materials has not yet been established [30].

In this paper, we aim to investigate viscoelastic properties of human autopsy brain tissues
via nanoindentation to find a feasible biomarker for AD. In section Il, modeling for
viscoelastic materials, preparation of human autopsy brain tissue samples, and experimental
setup are described, while the experimental results with discussion and the concluding
remarks are in sections Il and 1V, respectively.

Materials and Methods

A. Human Autopsy Brain Tissue Preparation

Human autopsy brain tissues were carefully selected from archival tissue resources at
Neuropathology Core, Emory Alzheimer’s Disease Research Center. The human autopsy
brain tissues used for the experiment were all sampled from frontal lobes of 10 subjects (5
subjects diagnosed with AD and 5 normal control subjects). Paraformaldehyde-fixed,
paraffin-embedded tissue blocks were sliced at 8 um thick and sections were mounted on
standard glass slides. To ensure the sample preparation conditions were constant in terms of
microtome thickness setting and environmental conditions, all specimens in this experiment
were sliced and transferred in the same setup.

It is known that there is a significant loss of proteins on a human autopsy brain tissue sample
within 22 or more hours of the postmortem interval (PMI) [31]. The loss of proteins may
cause morphological modification of the tissue accompanied with changes in mechanical
properties. Therefore, all samples used for the experiments were screened so that every
sample had less than 15 hours of PMI. Since a study reports that mechanical properties of
brain tissues vary with the age of the subject [32]-[35], only subjects with ages ranging from
60-75 years for both AD and control group were selected. The details about the human
autopsy brain tissue samples used for the experiment can be found in Table I.

The sections were deparaffinized immediately before the indentation experiment according
to the protocol: 3 changes of xylene - 5 minutes each followed by acetone, 100% EtOH,
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95% EtOH - about 1 min each, then rinse in phosphate-buffered saline (PBS) (1-2 times) and
immersed in PBS holding solution until the experiment.

B. Nanoindentation with Circular Flat-ended Tip for Viscoelastic Materials

Nanoindentation experiments have been performed with various tip geometries such as
spheres, pyramids, cylindrical flat punches, cones, and wedges. It is difficult to conclude that
a certain type of tip geometry provides the best solution for viscoelastic characterization
since each geometry has its unique advantages and disadvantages. The cylindrical flat punch
and the circular flat-ended tip geometry not only keep the contact area consistent throughout
the indentation without being affected by transient behavior or thermal drift but also mitigate
a severe problem of sharp tips with finding the contact point accurately [36]. According to
the theoretical model of flat punch indenter for a semi-infinite plane surface, the applied
axial load to the sample, A, is given by [37], [38]:

2ERd
(1-v?)

pP= Q)

where, £is the Young’s modulus of the sample, Ris the radius of the circular flat-ended tip,
dis the indentation depth, and vis the Poisson’s ratio of the sample. This model assumes
frictionless contact with zero contact angle between the indenter and the sample. The
theoretical model assumes an ideal contact between the sample and the indenter without
interaction between a sample and cylindrical wall. Under this assumption, the theoretical
model can be applied to any circular flat-ended indenter tip as well.

By choosing a circular flat-ended tip, stress and strain are only proportional to load and
indentation depth, respectively. This makes the constitutive analysis much easier, especially
in dynamic loading conditions since the excitation loading frequency and the resultant
frequency of stress are the same similar to a simple tensile or compression test.

The load profile consists of a linear pre-loading, one full cycle of sinusoidal loading, and
unloading as shown in Fig. 1(a). Generally, a dynamic loading test utilizes a sinusoidal
loading profile due to the ease of analysis for both tensile and compressive phase at a single
test. Since indentation only includes a compressive phase, the linear pre-loading phase is
added before the sinusoidal loading phase as an offset so that the full sinusoidal loading can
be performed while the indenter and the sample are being engaged. From the measurement
of load-indentation depth at the pre-loading phase, Young’s modulus of the sample, £, is
obtained (see Fig. 1(b). Then, the sinusoidal loading phase can be analyzed in the stress-
strain domain similar to a general dynamic loading test via parallel translation as shown in
Fig. 1(c).

When a sinusoidally varying stress is applied to a viscoelastic material, the resulting strain
eventually reaches a sinusoidal steady state having the same frequency but delayed in phase
[39]. The strain lags the stress and it is true regardless which parameter, either the strain or
the stress, is the controlled variable [39]. Since the actual stress applied to the sample is
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proportional to the loading, the stress and the strain in the sinusoidal loading phase can be
described as:

2
-1

c;kly =0y T 2

2
1=t

s:;y =¢g4e (3)

where, the asterisk denotes a complex quantity, oy is the amplitude of the stress, & is the
amplitude of the strain, i = /=1, tis the time elapsed from the initiation of a sinusoidal
loading (0 < £< 7), and Tis the period of a sinusoidal loading.

It is useful to express the stress as a complex quantity that consists of the real part in phase
with the strain and the imaginary part a quarter cycle out of phase with the strain, while the
real and imaginary parts represent elastic stress component and dissipative stress component,
respectively. This algebraic maneuver is widely used for the analysis of harmonic systems
such as reactive electrical circuits. The complex stress can be formulated as [39]:

G;y =o,+ic,=(E + iE”)s;y =E'(+ in)ezy 4)

where, o, is the elastic stress component, o is the dissipative stress component, £ is the
storage modulus, £” is the loss modulus, and 7 is the loss factor of a viscoelastic material.
By the definition, viscoelastic properties, the loss factor, 7, the storage modulus, £, and the
loss modulus, £, are expressed as:

_ % E" .. r
”_s_e_F_tan6>0 ('0<5<Z) (5)
c G, COSO
E=—2="2 (6)

80 80
c o, Sind
E//=_d= O =]/]E, (7)

€ €

where &§is the angle in a complex plane of a complex stress (or complex modulus) measured
from the real axis. From the relations in Egn. (5)-(7), once any two out of three viscoelastic
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properties, n, £, and £” are given, the remaining value can be calculated by the other two.
However, since the stress-strain curve from a sinusoidal stress loading does not have a closed
form, which means oy and g; are not constant during the sinusoidal loading due to the
inherent nonlinear responses of biological tissues such as creep and stress relaxation, oy and
g are difficult to be measured accurately from the stress-strain curve directly. Therefore, the
viscoelastic properties are estimated by the complex stress-strain model with measurable
quantities from the stress-strain curve.

Using Euler’s formula, & = cos6 + i sin6, Eqn. (4) yields the stress-strain relation during
sinusoidal loading and is given by:

G4y = Op sin(z%t) 8)

= E/eosin(zTﬂt) + nE/socos(zTﬂt)

\.—_—v_’ . .\.—.__l
elastic component, o, dissipative component, 6 d

= E/edy + nEﬂsé - 8(2) sinz(z—]{tt)
’ a2 2
= EsdyinEﬂleo_de

[ 2 2 — — ;
Where, (50 = | GZ;y I = (Ge) + (Gd) ) O'dy— g~ Upre, edy— e ep,‘e, Whlle Upre and epl'e are
the stress and the strain due to the pre-loading, respectively.

By applying the measured stress and strain to the stress-strain relation at the three points A-
C on the Fig. 1(c), where the maximum stress state, the stress-free state, and the strain-free
state are located, respectively, three viscoelastic properties, 7, £, and £” can be obtained.

At point A, the maximum stress is attained when:

dcdy _

0 (9)

de
) —
dy € Iy = (e Yy)

max

This yields:

0 o

£ =
( dy)cmax A1 +n2

At point B, where oy, = 0, the strain in the stress-free state, (e4,)s¢is expressed as:
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€

(egy)5r = mﬂ

(11)

Similarly, at point C, where e, = 0, the stress in the strain-free state, (oy,)sris expressed as:

Oy = —NE'8y (12)

Using the three measurable quantities, (e4)) oy,4,0 (€a))ss and (o) sefrom the stress-strain
curve, the loss factor 7, the storage modulus, £, and the loss modulus, £ are obtained as:

’

(de)yf
=% (1
N (edy)smax ( 3)
_ ("dz)sf - _ Cayss s (14)
T (ey)y 140
(Gdy)sf
"= nE = — (15)
ey NI+

It is important to note that 7, £/, and £” are all positive quantities because (og)ss <0

C. Experimental Setup

Ten target regions each for gray and white matter of the human autopsy brain tissue samples
are investigated by nanoindentation with a circular flat-ended tip. Each target region covers
an area of 90 um x 60 umand has 6 indentation points with different loading frequencies (7
=0.1, 0.5, 1, 10, 30 and 100 seconds) for evaluating loading frequency dependent
viscoelastic properties of the sample as shown in Fig. 2(a). The target regions are apart from
each other at least 1 mmand distributed evenly throughout the sample while avoiding edges
of the sample and gray/white matter boundaries to evaluate the spatial heterogeneity of the
sample that may exist. The maximum pre-loading is applied for 3 seconds at the rate of 10
UN/sec, while the amplitude of the sinusoidal loading is set to 12.5 uN.

Fig. 2(b) shows the nanoindentation experimental setup using a commercially available
nanoindentation system (Tribolndenter, Hysitron, USA), while a schematic of the contact
between the circular flat-ended tip and the sample is shown in Fig. 2(c). By adjusting the
load levels carefully, the maximum indentation depth does not exceed 2 % of the sample
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thickness in order not to be affected by the glass substrate. We assume that the human brain
autopsy tissues are incompressible materials, which yields v= 0.5, and each target region of
90 umx 60 umarea is locally homogeneous, so the loading frequency is the only control
variable while investigating a target region.

Since biological tissues yield unrepeatable stress-strain response even under the same
loading condition unless it is preconditioned [40], the initial indentation dataset at an
indentation point is used for the analysis. The mechanical properties of biological soft
tissues are also dependent on the environmental temperature and humidity [40]. Therefore,
the environmental temperature and the relative humidity were controlled during the
experiment to 21 £ 2 °C and 48 £ 5 % (RH), respectively.

D. Statistical Analysis

E. Surface

The two-sample ~test is applied to verify a statistically significant difference in measured
viscoelastic properties between the normal and AD affected tissues with the cut-off value of
p<0.01 using MATLAB R2016b (MathWorks, Natick, MA, USA).

Investigation for Human Autopsy Brain Tissues

To visualize a surface of soft biological tissue through a scanning electron microscope
(SEM), it is required to be operated at a low operating voltage so that it does not damage the
soft biological sample. Using a low voltage operated SEM machine (SU8010, Hitachi,
Japan) at an operating voltage of 1 kV/allows the observation of the surface of the normal
and AD affected brain tissue as shown in Fig 3. Both gray and white matter of the normal
brain tissue are porous and the holes in the tissue are evenly distributed throughout the tissue
samples. The distribution and size of the holes in the normal brain tissue are indifferentiable
between the two types of matter. Compared to the normal brain tissue, the AD affected brain
tissue has enlarged holes and an irregular distribution of the holes. The observations are
consistent with a neuropathological criterion for AD diagnosis that the AD affected brain
tissues are full of plaques and tangles that disrupt the neuropil [41], [42]. For more
quantitative surface analysis, surface roughness of the normal and AD affected brain tissue
for 20 um x 20 um area was measured by an atomic force microscope (AFM) system
(Dimension 3100, Veeco, USA) at 6 different locations (3 points on white matter and 3 other
points on gray matter) for each sample (Fig. 4). The arithmetic averages of the absolute
values of the surface height deviations measured from the mean plane (R,) of the tissue
samples were found. The R, value for the normal brain tissue is measured to be 256 + 78 nm
while R, value for the AD affected brain tissue is measured to be 367 + 102 nm. This 43.4 %
increase in R, value on average shows that the AD affected brain tissue has a rougher
surface than the normal brain tissue. Additionally, the normal brain tissue height deviations
were distributed evenly throughout the scanned area tissue sample whereas the diseased
tissue deviations were clustered together and formed not only longer deviations from the
mean plane but wider deviations.
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Results and Discussion

In the nanoindentation experiment for the human autopsy brain tissues, a total of 1,200
indentations were conducted (20 target regions per sample (10 on each gray and white
matter) with 6 different loading frequencies per target region for 10 subjects). Fig. 5 shows
the stress-strain curves from the nanoindentation experiment at a target region on each gray
and white matter of the normal and AD affected brain tissues and two factors are observed in
common which are following: 1) at the pre-loading phase, measured stress and strain shows
linear relation that helps to obtain Young’s modulus of the sample accurately from the slope
of the stress-strain curve, 2) the human autopsy brain tissues behave like a stiffer material
when a sinusoidal stress with a higher loading frequency is applied, which is one of the well-
known characteristics of a soft tissue [36], [40], [43]. However, the AD affected brain tissues
show moderate slopes at the pre-loading phase compared to the normal brain tissues as well
as larger hysteresis at the sinusoidal loading phase which mean more energy dissipation
during the cycle.

As a more quantitative comparison, Young’s modulus values obtained from the
nanoindentation experiment with the two-sample #test result are visualized in Fig. 6, while
Table Il includes the goodness of linear fit for the Young’s modulus calculation in addition
to the measurements. The normal brain tissues have higher Young’s modulus values than the
AD affected brain tissues by 23.5 % and 27.9 % on average for gray and white matter,
respectively, and there are statistically significant differences (p < 0.0001) in the Young’s
modulus between the normal and AD affected brain tissues for both gray and white matter,
although their distributions partially overlap within the one standard deviation. The result
showing reduced stiffness on the AD affected brain tissues is consistent with an /n vivo
clinical study using the magnetic resonance elastography, though the reported stiffness
values are smaller than our results by four orders of magnitude [44].

Figs. 7 (a)-(c) represent the viscoelastic characterization results of the storage modulus, the
loss modulus, and the loss factor along the loading frequencies, respectively. The mean and
standard deviation values of each point on the plots were calculated with 50 indentation
datasets which came from 10 target regions for 5 subjects. Similar to the Young’s modulus
result, the storage moduli of the normal brain tissues are higher than the AD affected brain
tissues both on gray and white matter by 20.7 — 48.0 % and 6.0 — 46.2 % on average,
respectively, over the entire loading frequency range. The loss moduli of the normal and AD
affected brain tissues which are obtained by the multiplication of the storage moduli by the
loss factors seem to be bounded and more overlapped than the storage moduli for both gray
and white matter over the entire loading frequency range. In the case of the loss factor, there
is a noticeable difference between the normal and AD affected brain tissues both on gray and
white matter at the lower loading frequencies, especially lower than 0.05 Hz. The AD
affected brain tissues exhibit a more viscous response at the lower loading frequencies
compared to normal brain tissues. This can also be observed in the stress-strain curve with
larger hysteresis for AD affected brain tissues (see Fig. 5). To check the correlation between
the results from the normal and AD affected brain tissues, p-values from the two-sample #
test between the normal and AD affected brain tissues for the viscoelastic properties were
calculated and presented in Table I11. There are statistically significant differences between
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the normal and AD affected brain tissues especially on gray matter at lower loading
frequencies. From the results, we can reasonably infer that the extracellular matrix
components of brain tissues undergo changes that result in transition of their viscosity and
stiffness both for gray and white matter as AD progresses. However, this needs to be verified
with further research.

While analyzing the data, we noticed that there are significantly larger standard deviations
on Young’s modulus and its linear fitting for AD affected brain tissues (see Fig. 6 and Table
I1), while the standard deviations for the viscoelastic properties of the normal and AD
affected brain tissues are similar levels. We supposed that the difference occurs at the initial
contact and/or at the pre-loading phase due to the surface conditions and investigated
surfaces of the normal and AD affected brain tissue as well. We presume that the rougher
surfaces of the AD affected brain tissues due to the disruption of neuropil result in the larger
deviations on the measured properties from the nanoindentation experiment.

Even though the nanoindentation system is able to reliably record indentation experimental
data to characterize viscoelastic properties of the human autopsy brain tissues, there are four
main limitations of our current study: 1) the mechanical properties obtained from ex vivo
test are not a predictor of /n situ or in vivo experimental results, 2) the nanoindentation
experiment that only involves a single-axis loading mode is not sufficient to fully
characterize viscoelastic properties of brain tissue due to its inherent structural complexity
and heterogeneity, 3) significantly more brain tissue samples needs to be investigated for
evaluating clinical effectiveness of the proposed biomarkers for AD diagnosis, and 4) it is
difficult to validate the results due to the huge discrepancy among research reports regarding
the characterization of soft tissues. A brain tissue characterization study has reported that
gray matter is stiffer than white matter by 12 % [45], which is similar with our experimental
results, while there are other studies reporting the opposite results that white matter is stiffer
than gray matter by 39 % on average [46] or the storage moduli of gray and white matter are
indistinguishable [47]. Storage modulus values reported in other studies using fresh human
brain tissues vary from less than 1 kPa to hundreds of kPa and they were measured by
different methods at different scales [32], [35], [44], [48]-[51]. The two main reasons why
the results have a couple of higher orders of magnitude on the moduli than other studies are
presumed to be the tissue fixation and dehydration during the preparation process. In
general, it is known that fixation hardens tissue for most types of fixatives including
formaldehyde used in this study [52], [53] and there is a report that formalin-fixed human
tissues are significantly stiffer (up to 100-fold) than fresh tissues [54]. Moreover, moduli of
micron-sized biological samples tend to increase up to four orders of magnitude more than
millimetersized or larger samples due to dehydration of the samples [55], [56]. Although
there is a huge discrepancy in moduli between fixed tissues and fresh tissues, we
hypothesize that the differences in viscoelastic properties of normal and AD affected tissues
can be also found on fresh brain tissues and/or in a clinical setup and will try to verify the
hypothesis by investigating further studies.
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V. Conclusion

The viscoelastic characterization of human autopsy brain tissues via nanoindentation with a
circular flat-ended tip was demonstrated along with preliminary experimental results.
Although extra experiments with more samples, a more elaborate protocol, and clinical/
pathological cross-checks are required to verify its practical effectiveness, our current work
shows the feasibility of using the viscoelastic properties as biomarkers for AD diagnosis.
Since the results are consistent with clinical studies reporting AD accompanied with brain
atrophy and complex microenvironmental changes on brain tissues, viscoelastic
characterization of brain tissue is expected to play a role as quantitative evidence of the
clinical observations in neuropathology as well as a novel approach to diagnosing AD
postmortem. In our future work, we plan to investigate the viscoelastic properties of various
types of diseased brain tissue in various environmental conditions using fresh tissues to
ensure the effectiveness of our approach. We hopefully envision that analyzing viscoelastic
properties can potentially lead to a new approach of looking at AD affected tissues that can
move diagnosis from being retrospective to antemortem. Thereafter, clinical studies would
be followed for further /n7 vivo investigation to confirm whether the distinct viscoelastic
properties of AD affected brain tissues can be also consistently captured by currently
available brain imaging techniques, such as elastography.
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Fig. 1.

(a) Loading profile that consists of pre-loading, sinusoidal loading, and unloading phase, (b)
resultant stress-strain curve obtained from the load and indentation depth measurement, and
(c) stress-strain curve for the sinusoidal loading phase.
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Fig. 2.

Experimental setup for viscoelastic characterization of the human autopsy brain tissue via
nanoindentation: (a) brain tissue sample for the experiment, (b) nanoindentation system, and
(c) schematic of the contact between the circular flat-ended tip and the sample.
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Fig. 3.

Scanning electron microscope (SEM) images of normal and AD affected brain tissue.
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Fig. 4.
Atomic force microscope (AFM) images of normal and AD affected brain tissue with

surface roughness, R,.
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Stress-strain curves of human autopsy brain tissues obtained by the nanoindentation
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experiment: (a) gray matter of normal brain tissue, (b) white matter of normal brain tissue,
(c) gray matter of AD affected brain tissue, and (d) white matter of AD affected brain tissue.
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Measured Young’s modulus, £, of normal and AD affected human autopsy brain tissues

during the pre-loading phase.
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Fig. 7.
Experimental results of viscoelastic characterization for normal and AD affected human

autopsy brain tissues: (a) storage modulus, £, (b) loss modulus, £, and (c) loss factor, 7.
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TABLE I.

Information for the human autopsy brain tissue samples

Subject # Diagnosis F()m)l (OAr%?et) (A UAIC?SSY)
1 AD 55 51 61
2 AD 7 59 72
3 AD 6.5 56 67
4 AD 2.5 60 74
5 AD 145 60 68
6 Control 25 N/A 70
7 Control 6 N/A 61
8 Control 6 N/A 69
9 Control 11 N/A 68

10 Control 6 N/A 75

PMI: Postmortem interval, AD: Alzheimer’s disease
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TABLE Il

Measured Young’s modulus of the brain tissue samples

Type n E [MP4q] RZ (Linear fit)
Normal-Gray 30.97 £5.58 0.987 +0.0168
Normal-White 2754 +8.18 0.988+0.0171

AD-Gray 30 25.08 +4.98 0.976 +0.0427
AD-White 21.54+8.30 0.969 + 0.0539

7. the number of indentation datasets
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