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Abstract

Research on the mechanical properties of brain tissue has received extensive attention. However, most of the current studies have
been conducted at the phenomenological level. In this study, the indentation method was used to explore the difference in local mechanical
properties among different regions of the porcine cerebral cortex. Further, hematoxylin—eosin and immunofluorescence staining methods
were used to determine the correlation between the cellular density at different test points and mechanical properties of the porcine cerebral
cortex. The frontal lobe exhibited the strongest viscosity. The temporal lobe displayed the lowest sensitivity to changes in the indentation
speed, and the occipital lobe exhibited the highest shear modulus. Additionally, the shear modulus of different areas of the cerebral cortex
was negatively correlated with the total number of local cells per unit area and positively correlated with the number of neuronal cell
bodies per unit area. Exploration of the mechanical properties of the local brain tissue can provide basic data for the establishment of a

finite element model of the brain and mechanical referential information for the implantation position of brain chips.
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1 Introduction

During the long course of human life, numerous
brain diseases, such as traumatic brain injury, epilepsy,
and tumours, can occur. These diseases pose severe
threat to human life. For improving the treatment of
brain diseases, many aspects based on numerous discip-
lines, such as cytology!"! and neurology'”, have been
explored. Recent studies have shown that mechanical
signals act as a pivotal messenger during the develop-
ment of biological systems, in the interpretation of brain
pathology™, and for the treatment of major diseases*.
Therefore, Capturing brain mechanical signals and ex-
ploring the mechanical properties of brain tissue became
a hot interdisciplinary research topic and gradually
combined mechanobiology, biology, and medicinal
science. With the deepening of research and further
development, many methods such as tension"’, shear-

7 and indentation™ for testing the

ing'®, compression
mechanical properties of brain tissues have been de-
veloped. Because of the selective expression of genes,
the brain structure is complex and the mechanical

properties of different parts of the brain vary. Numerous

*Corresponding author: Hongwei Zhao
E-mail: hwzhao@jlu.edu.cn

experiments have identified significant differences in the
mechanical properties of the cerebral cortex, cerebellum,
pons, and medulla oblongata®'”. Nevertheless, the re-
sults vary widely depending on the sample age''"’, time
of death[m, and test areal'®’. Even for the same brain part,
test results differ considerably. In summary, regarding
the mechanical properties of brain tissues, researchers
have only explored the tip of the iceberg.

In terms of characterising the mechanical properties
of biological tissues, the indentation method is highly
flexible and accurate because it is not limited to the
shape of the sample and does not depend on the location
of the test. It can be used for local testing under complex
conditions. Recently, indentation method was applied to
characterise the mechanical properties of the human
brain!"” and brain tissues of rats!"*’, pigs'®, and cattle!'?.
However, the current research is based more on phe-
nomenology and does not link the macroscopic me-
chanical phenomena with the microstructure or explore
the correlation between them. Previous studies have
shown that mechanical signals play an important role in
brain growth and development as well as in the treatment
and control of brain diseases. For instance, neurons and
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astrocytes can activate protein channels through unique
mechanical sensitivity!' . Neurons can sense and adapt
to mechanical signals in the environment and exhibit
different growth rates depending on the available sub-

(18], Therefore, the combination of mechanical

strate
properties and microstructure of brain tissue holds great
significance in improving the understanding of brain
development and optimising the treatment of brain dis-
eases. A recent study reported that the stiffness of the
mouse spinal cord correlates strongly with the areas of
cell nuclei and cellular in-plane proximity!'”. Budday ez
al. revealed a negative correlation between cell count
and stiffness®”. These reports indicate that the number
and density of cells are closely related to the mechanical
properties of tissues. In addition, in a study by Budday et
al., because of the limitation of the staining method,
neurons and glial cells could not be distinguished"”".
Therefore, the correlation between the stiffness of
brain tissues and a single type of cell remains to be ex-
plored.

In this study, we aimed to construct a bridge be-
tween medicine and mechanics. The mechanical prop-
erties of the porcine brain tissue in different regions were
characterised through large deformation indentation.
Subsequently, hematoxylin and eosin (H & E) staining

was used to count the total number of nuclei per unit area.

Meanwhile, immunofluorescence staining was used to
observe neurons, and the neuronal cell bodies per unit
area were counted under a laser confocal microscope.
The purpose of this study was to explore the correlation
between local mechanical properties and cell distribu-
tion in the cerebral cortex by combining mechanical
properties and microstructure. The study provided basic
data for the establishment of a finite element model of
the brain and referential data for future brain chip im-
plantation position.

2 Materials and methods

2.1 Sample preparation

Because of the similarity between the porcine and
human brains in terms of the anatomy, myelination,
gyrification, development, and quantifiable behaviour
traits, porcine brain is considered a common substitute to
the human brain for conducting research!®!), particularly

[22,23

in the field of neuroscience I Previous studies have

shown that the mechanical properties of the porcine and
human brains are highly similar in virro™. In addition,
the porcine brain tissue was chosen in the present study
because of the availability and possibility of minimising
the post-mortem time during testing®’. The porcine
brains used in this experiment were obtained from ap-
proximately 5—6-month-old adult pigs (n = 27) from a
local slaughterhouse. Fresh porcine brains were re-
moved within 30 min of decapitation. To ensure the best
storage environment, the isolated tissues were stored and
transferred in artificial cerebrospinal fluid (aCSF) con-
taining 124 mM NaCl, 26 mM NaHCOs;, 2.5 mM KCl,
2 mM CaCl,, 1.25 mM NaH,PO4, 1 mM MgCl,, and
10 mM glucose at low temperature and oxygen enrich-
ment (5% CO,/95% O,). The pH value of the aCSF was
adjusted to 7.3-7.4.

2.2 Experimental setup

In this study, the indentation device was structured
as described by Huang et al?® as shown in Fig. 1a. The
device was controlled by a user-defined LabVIEW pro-
gramme (LabVIEW 2012, national instruments). Con-
sidering that the large deformation of this experiment far
exceeded the sub-indentation depth threshold of tradi-
tional nano indentation, a servo motor (SGMJV-01ADA
61, YASKAWA) was used to drive the alloy indenter.

2.3 Test protocol
2.3.1 Indentation-relaxation test

Based on the function of brain tissues, the cerebrum
has been divided into four regions: Frontal Lobe (FL),
Parietal Lobe (PL), Temporal Lobe (TL), and Occipital
Lobe (OL). Fig. 1b displays these four regions and the
location of each test point. To observe the maximum
difference in mechanical properties in different regions
clearly, indentation tests were performed at the locations
shown by black dots in Fig. 1b; white dotted circles
represented the error ranges of the test points. The re-
sults of this test did not include the PL region because
when the sample was placed horizontally in the culture
dish, no approximate plane existed on the PL surface
area. Thus, it could not guarantee sufficient contact
between the indenter and brain tissue (II in Fig. 1). In
contrast, the other three areas (FL, TL, and OL) were in
accordance with the test condition, and their test planes
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Fig. 1 Experimental equipment and samples. (a) Three-dimensional schematic diagram of experimental indentation instrument; (b) brain
regions and sampling locations (the white dotted circle is the error range of the test point; black dots represent the projection directly below
the indenter, and I and II represent the relative positions of the indenter and brain tissue for different regions); (c) a sample of H & E

staining; (d) a sample of immunofluorescence staining.

were similar (I in Fig. 1); therefore, only these regions
were included in this test. First, the whole brain tissue
was excised into two complete half brain samples along
the sagittal plane by using a scalpel, as shown in
Fig. 1b. Further, a half brain sample was placed in a
culture dish. During the test, the brain tissue was soaked
in aCSF to avoid dehydration and adhesion. Simulta-
neously, the bottom of each sample was fixed with ethyl
a-cyanoacrylate to reduce the experimental error caused
by the buoyancy of aCSF. In addition, to avoid dehy-
dration caused by long-term exposure of the test surface
to air, only one indentation test was conducted for each
half brain sample. To establish the contact point with the
tissue, the indenter tip was brought into close proximity
with the tissue. Once the indenter was sufficiently close
to the tissue, it was lowered in 2 um increments until a
force of < 0.5 mN was recorded from the indenter tip. If
the force at any region increased to more than 0.5 mN
during the procedure, the region was not measured and
the indenter was moved to a new location within the
error range for testing. All the experiments were per-
formed at room temperature and within 6 h of decapita-
tion to reduce the influence of tissue proteolysis and
necrosis on the accuracy of experimental results'?.
Notably, the mechanical properties of the left and right
hemispheres do not differ significantly®”. Consequently,

the results of the left and right brain hemispheres were
combined and not specifically distinguished during data
processing.

Considering the small rigidity of brain tissue, a cy-
lindrical aluminum alloy flat indenter with a radius of
1 mm was used. Since the purpose of this study was to
measure the mechanical properties of brain tissues dur-
ing the process of large deformation, the displacement of
the indenter was 2000 pm. The average thickness of the
indentation position measured by digital caliper was
approximately 20 mm, and the test scheme met the
recommended boundary effect range of 10% (indenta-
tion depth/tissue height)®. In previous studies, most of
the indentation processes of biological tissues were

(29301 Fig. 2a shows

characterised by force—time curves
an average force—time curve of OL measured in this
experiment (the observed trend for other curves was
identical; therefore, they are not listed). The curve was
composed of the approximate linear interval of the
loading portion and the nonlinear interval of the relaxa-
tion portion. The elastic behaviour of brain tissues can

be calculated by Sneddon’s solution'*"!

, according to the
slope of each force—depth curve (the force—depth mosaic
in Fig. 2a) by using the Eq. (2) of section 2.4. Notably,
the force—depth curve was not found to be completely

linear. At the beginning of'the curve, the collected data
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Fig. 2 (a) As an example in group #2 of the test, the mosaic map is
the original data of force—depth curve. (b) Direction of patholog-
ical section (yellow arrow) and direction of observation (red
arrow).

represented obvious divergence phenomenon because of
the adhesion of biological tissues. Before the end of the
indentation process, the curve displayed obvious nonli-
nearity. The main reason for this phenomenon was the
vibration of the servo motor, which caused the last curve
of the loading section to drift. Therefore, to accurately
characterise the elastic behaviour of cerebral cortex,
501 pm — 1500 pum of the loading segment was used
when the raw data was processed. However, a small
wave of slope in the available data interval was still
present due to the deep indentation depth and large strain.
After analysing the characteristics of all the original data
curves, we selected the midpoint as the cut-off point of
slope change and calculated the shear modulus of the front

Table 1 Test parameters of each group

Group Test region Loadi(r;)g time Rfilri)éa(t;;)n Loa(lﬁi::lg;;l))eed
#1 FL, TL, OL 4 176 500
#2 FL, TL, OL 20 160 100
#3 FL, TL, OL 40 140 50

half and rear half to characterise the mechanical proper-
ties of the brain tissue more accurately under large strain.

To ensure the accuracy of the test results, study on
three groups, including one group with fast-loading
mode (with a loading time of 4 s) and two groups with
slow-loading mode (with loading times of 20 s and 40 s),
of samples was conducted on the same area. The times of
measurement points in each area of groups #1 —#3 were 6,
and the total times of measurement points in this test
were 54. Table 1 presents the detailed test parameters of
each group.

2.3.2 Histological characterisation

After completion of the indentation experiment of
each sample of group #1, the brain tissue was excise-
dusing a scalpel at the indentation point, followed by
fixation (10% formalin solution), dehydration (90%
ethanol solution), paraffin-embedding, staining, and
preparation of pathological sections. Two types of histo-
logical staining were performed. The nucleus was visua-
lised in blue (Fig. 1¢) in H & E staining. After immunof-
luorescence staining, the neurons appeared green (Fig. 1d)
under a laser confocal microscope. The direction of pa-
thological section was parallel to the sagittal plane, as
shown in Fig. 2b. For quantifying the microscopic com-
ponents, we randomly selected a 5 x 10* pm?area on each
slice as the effective unit area under 120-times magni-
fication, counted the number of cells in the unit area, and
considered the number of cells in the effective unit area
as the only quantitative index.

2.4 Theory

In this paper, the Sneddon’s solution”"!

was used to
calculate the shear modulus during the indentationpart:

p_AxRIG
1-v

(1)

Qian et al.®” further simplified Sneddon’s solution,
leading to Eq. (2):
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Fig. 3 The shear modulus of the brain tissue with indentation speeds of (a) 500 pm-s ™', (b) 100 um-s~
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where P represents the instantaneous contact force, R
represents the radius of the cylindrical flat indenter, 4
represents the indentation depth, G represents the shear
modulus, v represents the Poisson’s ratio (assumed to be
0.5), and x represents the correction factor.

A Boltzmann genetic integral®®! can be used to
characterize the shear modulus of the whole indenta-

tion—relaxation curves:

PO = [ Gl - 3)

Prony series approximation can be used to express G(¥)
in Eq. (3):

G()=G,+Y.G,-exp(~t /1)), 4)

where G, represents the equilibrium shear modulus, 7;

represents the time constant of each relaxation process,
and G; represents the corresponding shear modulus of
each exponential term. In MATLAB (R 2016 b),
Isqcurvefit. m and nlinfit. m functions were used to fit
the original data, from which the change curve of the
shear modulus over the whole process was obtained.
Hayes et al. showed that the coefficient is related to the
value of the radius of the indenter, the total thickness of
the tested sample, and Poisson’s ratio, thus obtaining the
calculation formula for x*!. In this study, a cylindrical
flat indenter with a radius of 1 mm was used. The av-
erage thickness of the sample was 20 mm, and the final x
value was 1.06.

3 Results

3.1 Elastic behaviour of the cerebral cortex

In terms of shear modulus, the laws shown in
Figs. 3a — 3c were found to be consistent, that is, the test
points on the OL and TL regions had the highest and
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lowest moduli, respectively, which shows that the cere-
bral cortex in the TL region is the softest among the three
test regions. By observing the difference in modulus
between the front available interval and rear available
interval, we found that the average modulus of the front
interval is lower than that of the rear interval; however,
the difference was gradually disappeared with decrease
in the indentation speed. Fig. 3d depicts the sensitivity of
the three test regions to changes in the loading speed.

"o

When the indentation speed dropped from 500 pm-s™
50 pm-s ', the value of shear modulus of the TL changed
to a small extent, and the average shear modulus only
dropped from 755.59 Pa + 162.45 Pa to 569.85 Pa +
116.53 Pa. However, under similar conditions, the value
of shear modulus of the OL region decreased from
1726.79 Pa £+ 722.89 Pa to 1213.38 Pa + 130.46 Pa.
These results indicated that the local mechanical prop-
erties of the brain tissue are easily affected by the load-
ing speed. The OL region was found to be more sensitive
to changes in the loading speed, whereas the TL region
exhibited a more compliant response to changes in the
loading speed. The mechanical properties of the TL
region were found to be more stable than those of the OL
and FL regions. In addition, the length of the error bars
was compared; which indicated that for the same region,
the smaller is the indentation speed, the more compact
are the obtained data points and the shorter is the error
bar. The finding confirms that rapid loading can signif-
icantly eliminate the phenomenon of creep and reflect
individual differences in brain tissues. Notably, the var-
iation in test results due to different sampling individuals
was found to be inevitable. In this study, the method of
averaging multiple measurements was used to minimise
the error.

3.2 Relaxation behaviour of cerebral cortex

Figs. 4a — 4c show the relationship between the
stress and relaxation time. The relaxation curves of the
three test regions were found to be similar. The main
manifestation was that the stress decreased rapidly and
reached a pseudo-equilibrium. These curves can de-
scribe the stress relaxation behaviour of a typical vis-
coelastic model. From the peak force at the beginning of
the relaxation part, the test points on the OL region had
the highest initial stress, which corresponded to the re-

sults of this paper for the shear modulus of the three test
points. To contrast the time-dependent characteristics of
the three regions, Eq. (3) was used to fit the relevant
parameters (because the other two groups had the same
law, only the first group in Table 2 is taken as an exam-
ple), and further, the parameters were substituted into
Eq. (4) to draw the normalised shear modulus curve with
time (as shown in Figs. 4d — 4f). In addition, the average
relaxation rates after 140 s were calculated according to
the original data, and the results are shown in the mosaic
diagram of Figs. 4d — 4f. For the time constants in
Table 2, the first constant 7; represents the response
speed of brain tissue to stress changes; the response
speed of TL region was found to be significantly slow,
which corresponded to the insensitivity of the TL region
to speed changes in the previous section. In addition, it
can be seen that from the beginning of relaxation part to
pseudo-equilibrium, the shear modulus of the FL region
decreased significantly, indicating that compared with
other regions, the viscosity of the FL region of the ce-
rebral cortex was greater. Moreover, the FL region of the
cerebral cortex responded more rapidly than the OL and
TL regions. At a loading speed of 500 um-s~' (Fig. 4d),
the shear modulus of the FL region decreased approx-
imately by 40% at 20 s after the beginning of relaxation,
which was approximately 10% — 15% faster than that of
the other two regions. Comparison between the stress
relaxation rate of each test point in 140 s after the in-
dentation indicated that the stress relaxation rate of the
test point on the FL region is the highest. In addition, as
the indentation speed decreased, the stress relaxation
rate of the test points in the same area reduced.

3.3 Correlation analysis between microstructure and

mechanical properties

We compared the total number of nuclei and the
number of neuronal cell bodies at three test points per
unit area after quantification, and the results are ex-
pressed in the form of a histogram in Figs. 5a and 5b. As
shown in Fig. 5a, the density of neuronal cell body was
the highest at the OL test point. Thus, the neural network
in the back of the brain was dense. As shown in Fig. 5b,
the density of total nuclei at the TL test point of the ce-
rebral cortex was found to be the largest, whereas the
density of cell nuclei at the OL test point was found to be
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Fig. 4 Relaxation curves of brain tissue with indentation speeds of (a) 500 pm-s ', (b) 100 um‘s ™', and (c) 50 pm-s . (d)~(f) Changes in
the shear modulus and relaxation rate after 140 s in groups #1 — #3.

Table 2 Prony series parameters with 95% confidence intervals for group #1 of different regions

G; (Pa), 7 (5) Go G 3 G, ) R
FL 22225+ 6.07 293.79 + 13.17 12.50 = 0.70 24233 +4.41 106.64 +7.12 0.97
TL 189.58 + 10.85 213.53+5.76 14.32 +0.59 167.38 £5.50 121.31 +8.26 0.96
oL 444.65 + 16.30 44923 +20.55 11.24 +0.41 362.35 +6.98 96.79 + 10.87 0.96
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Fig. 6 (a) Correlation between mechanics and total nuclei (mean + standard deviation). (b) Correlation between mechanics and neuronal
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the least. We can infer that the cell distribution varies
across different areas of the cerebral cortex.

Fig. 6a illustrates the correlation between the shear
modulus of the three test points and the total number of
cells. For the cerebral cortex, the shear modulus of the
local area was found to be negatively correlated with the
cell density, which implies that the more is the total
number of cells per unit area, the softer is the brain tissue.
However, the shear modulus of the brain tissue was
found to be positively correlated with the neuronal den-
sity (Fig. 6b), which implies that the relative hardness of
the brain tissue is the greatest in the regions where the
neurons are densely distributed.

4 Discussion

In recent years, the mechanical properties of brain
tissue have attracted much attention, and great efforts
have been made to study these properties. However,
combining the mechanical differences of brain tissues
with the distinctions of their microstructure and ex-
plaining the mechanism underlying the differences in the
mechanical properties of brain tissues till remain chal-
lenging. In this study, the indentation method was used
to test the mechanical properties of the porcine brain in
different cerebral cortex regions. H & E and immunof-
luorescence staining methods were used to count the
number of cells per unit area, and finally, the correlation
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between the mechanical properties of biological tissues
and density of cells was studied.

In the indentation portion, the porcine cerebral
cortex exhibited distinct elastic behaviour, which is
consistent with the findings of previous studies. For
example, Gefen ef al.®** measured the shear modulus of
grey matter in the porcine cortex in vitro as G = 1.3 kPa,
and Elkin et al.!"” measured the shear modulus of grey
matter in the cortex of adult rats as G = 2.7 kPa. How-
ever, several previously published conclusions are in-
consistent with the data of this study. Kaster e al.*”
reported that the shear modulus of grey matter is 0.4 kPa,
which was obtained through the indentation of the por-
cine brain tissue, and Dummelen et al.*” reported that
the shear modulus of grey matter is 0.7 kPa. These
moduli are clearly smaller than that observed in the
current study. This is likely because of different test
drafts, test environments, and other factors. In addition,
this study revealed the effect of cell number on local
shear modulus. For biomaterials with complex structure,
such as cerebral cortex, the individual differences in
organisms and the selective expression of genes in spe-
cific regions will lead to variation in test results between
different samples, which increases the length of error bar
in the independent repeated experiment. However, in the
present study, all the original data were statistically
tested during the process of data. Moreover, the three
groups of experimental data followed the same rule,
which is enough to prove the accuracy of the experi-
mental data in this study.

Figs. 4d — 4f show that at the same test region, with
the extension of the indentation time (from 4 s of group #1
to 20 s of group #3), the relaxation rate gradually de-
creased after 140 s of the start of the relaxation part. This
proves that the stress relaxation phenomenon exists in
the whole indentation—relaxation process. In previous
reports”", this phenomenon has been explained only as
an empirical rule. Here, we proved that the stress relax-
ation behaviour of the cerebral cortex is transient. The
cerebral cortex of the three test points tested in this study
showed different time-dependent characteristics during
the indentation-relaxation process, which may be re-
lated to the uneven cell distribution in the local region.
Simultaneously, the permeability will also affect the
viscous behaviour of the brain tissue[zo], which will be

explored in further research.

According to our analysis, the shear modulus of the
cerebral cortex is negatively correlated with the total
number of cells per unit area, that is, the regions where
the cells are densely distributed, the brain tissue is soft.
This conclusion is consistent with that of previous stu-
dies”®!. The interaction force between the phospholipid
molecules that constitute the cell membrane is weak, and
it is prone to dislocation, distortion, and stretching.
Therefore, cells are the softest components in the brain
tissue, and hence, they have little impact on mechanical
properties. The finding also explains the insensitivity of
the TL test area to load changes. In addition, we used
immunofluorescence staining to count neuronal cell
bodies, and the number of neurons per unit area of the
cerebral cortex was positively correlated with the shear
modulus; that is, the brain tissue was relatively hard at
the regions where the neurons were densely distributed.
According to a previous study””) the cell types in the
cerebral cortex can be divided into pyramidal neurons
and glial cells. The glial cells can be further divided into
protoplasmic astrocytes, oligodendrocytes, and micro-
glial cells. Because of the limitation of the staining me-
thod used in this study, the glial cells could not be dis-
tinguished and quantified in detail. However, the ratio of
the total number of cells to the neuronal cell bodies
measured at each test point provided an indirect estima-
tion of the ratio of glial cells (Fig. 7). Glial cells ac-
counted for the largest proportion of the TL test point
and the smallest proportion of the OL test point. Pre-
vious studies have indicated that glial cells do not serve
as rigid cement-like structural supports for the neuronal
network; rather, they act as a soft viscoelastic padding
(shock absorbers) for neurons. Thus, they prevent or at
least minimise neuronal damage in case of mechanical
trauma®®®. This observation provides a reasonable ex-
planation for the compliance of TL test points to changes
in the loading speed. In terms of the proportion of neu-
rons, the proportion of neurons was higher at the OL test
point compared with that at other two test points. Ac-
cording to previous reports, the stiffness of a single glial
cell is less than that of a neuron™”), which also explains
the relatively high shear modulus at the OL test point.
For a complex anisotropic material, such as brain tissue,
combining the microstructure with mechanical properties

A Springer
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I Glial cells
I Neurons

FL TL OL

Fig. 7 Average ratio of glial cells to neurons at each test point.

and exploring the mechanism are still challenging. Ac-
cording to previous studies, not only the cells but also

400 bro-

the biological macromolecules (phospholipids
teoglycans*!), and collagen®) seem to have more sig-
nificant effects on the mechanical properties of brain
tissues. Therefore, in future studies, we will explore the
impact of biomacromolecule content on the mechanical

properties of brain tissues.
S5 Conclusion

In this study, we have elucidated the regional me-
chanical properties of brain tissues based on the density
of total nuclei and neuronal cell bodies. We are the first
to carry out mechanical performance tests according to
brain functional divisions, and explore the correlation
between the neuronal cell bodies and the mechanical
properties in the cerebral cortex. We found that in the
porcine cerebral cortex, the FL had the strongest vis-
cosity, the TL had the lowest sensitivity to changes in
indentation speed, and the OL had the highest shear
modulus. In addition, our study reveals a negative cor-
relation between the total cell count and the stiffness, a
positive correlation between neuronal cell body count
and stiffness. Understanding the region-specific me-
chanical behavior of brain tissues based on the cell
density will help us design more accurate, multi-scale
finite element analysis models of the brain. This is a
critical step towards a better understanding of the role of
mechanics in clinical conditions including chronic
traumatic encephalopathy, cerebral ischemic disease, or
neurodegenerative diseases.
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