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Abstract

The spinal cord is composed of gray matter and white matter. It is well known that the properties of these
two tissues differ considerably. Spinal diseases often present with symptoms that are caused by spinal cord
compression. Understanding the mechanical properties of gray and white matter would allow us to gain a
deep understanding of the injuries caused to the spinal cord and provide information on the pathological
changes to these distinct tissues in several disorders. Previous studies have reported on the physical prop-
erties of gray and white matter, however, these were focused on longitudinal tension tests. Little is known
about the differences between gray and white matter in terms of their response to compression. We there-
fore performed mechanical compression test of the gray and white matter of spinal cords harvested from
cows and analyzed the differences between them in response to compression. We conducted compression
testing of gray matter and white matter to detect possible differences in the collapse rate. We found that
increased compression (especially more than 50% compression) resulted in more severe injuries to both the
gray and white matter. The present results on the mechanical differences between gray and white matter in
response to compression will be useful when interpreting findings from medical imaging in patients with
spinal conditions.
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Introduction

Spinal diseases such as cervical spondylotic myelopathy,
ossification of the posterior longitudinal ligament, and disc
herniation often present with symptoms that are associated
with spinal cord compression. As the symptoms progress,
the patient’s daily activities and quality of life are adverse-
ly affected (Shimomura et al., 1968; Al-Mefty et al., 1993;
Ono et al.,, 1999). Spinal cord disorders are associated with
injuries to the gray and white matter (Ono et al., 1977) and
hence it is important to understand the mechanical proper-
ties of these tissues.

Based on tension testing of bovine spinal cord by Ichihara
et al. (2001), we recently conducted tension testing of the
porcine cauda equina as well as mechanical tests that fo-
cused on age-related changes to the spinal cord to study the
physical properties of nerve tissues (Okazaki et al., 2018).
We also previously conducted extensive compression analy-
sis of the spinal cord using computer simulation (Nishida et
al., 2011, 2012, 2013). Myelography, computed tomography
and magnetic resonance imaging are performed to diagnose
myelopathy and to detect spinal cord compression (Mat-
suyama et al., 1995). Pathological studies of myelopathy have
also focused on spinal cord compression (Ono et al., 1977).
In studies that compare cases with or without postoperative
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morphological restoration of the spinal cord, compres-
sion and decompression were analyzed in relation to the
cross-sectional force applied to the spinal cord. Hence, one
of the limitations of our earlier data on the physical proper-
ties of the spinal cord was that the results were derived from
longitudinal tension tests. To the best of our knowledge, no
previous study has experimentally investigated the differenc-
es between gray and white matter in terms of their response
to compression. We therefore applied a constant compres-
sion force to gray and white matter collected from cows and
analyzed the difference in response to compression. In addi-
tion, we studied the mechanical properties of both tissues.

Materials and Methods

Animals

Due to their ready availability, spinal cords were collected
from male castrated Holstein cows for this study. The nine
cows aged 21 + 1 months, weighing 425-470 kg, were killed
by exsanguination at the Hofu city meat center, which is a li-
censed establishment. The study used bovine spongiform en-
cephalopathy-negative spinal cords sourced within 6 hours
of slaughter and all experimentation was completed within
12 hours of slaughter. The specimens and instruments used
for this experiment were under the instruction and supervi-
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sion of the Hofu City Public Health Center and Department
of Sanitation of the Yamaguchi Prefecture. Regulations of
Yamaguchi University are subject to review researches using
living animals. This study used spinal cord of cows that were
slaughtered for food. The Institutional Animal Care and Use
Committee of Yamaguchi University waived requirement for
ethical approval.

After cutting off 100 mm from both ends of the excised
spinal cord with a medical scalpel, the cord was cut into 20
mm length pieces at 25°C as reported earlier (Ichihara et
al., 2001). Both ends of the cord were cut off as a precaution
since these may have been damaged by the tensile load ap-
plied to the neck during slaughter of the cow (Figure 1).

A semicircular polyethylene terephthalate (PET) agent was
inserted into the trabeculae between the pia mater and the
arachnoid membrane of the bovine cervical cord and the fi-
brous tissue connecting these was cut off to excise the spinal
cord (Figure 2C).

Needle drop sampling

The needle drop sampling method was used for sample col-
lection in this study. The spinal cord was fixed in a plastic
case created using a 3D printer. When a biopsy needle is
inserted into the tissue to collect a sample, the tissue may
collapse and consequently a smooth tissue sample may not
be obtained. We therefore created a new instrument that al-
lows the collection of tissue samples using a constant force.
After the case containing the spinal cord was mounted on
the instrument, an X-Y stage attached to the base was moved
to reposition the needle to the drop position (Figure 2A).
The needle-fixing base was raised to its upper limit and then
dropped to punch out a sample from the tissue (Figure 2B).
With this system, precise needle positioning was achieved
by moving the X-Y stage as required, allowing for consistent
sampling. Samples were collected from the lateral funiculus
(white matter) and the anterior horn (gray matter), as these
areas were large enough to avoid mixing the two types of tis-
sue (Figure 2D).

Test equipment for compression testing

Samples were compressed in a horizontal plane and the reac-
tion force from the sample was measured. At the same time,
the degree of sample collapse before and after compression
was measured with a transmissive laser sensor (IG-010;
KEYENCE, Tokyo, Japan) (Figure 3A). The sensor was po-
sitioned appropriately to allow measurement of the distance
between the stage and the compression plate (= L), as well as
the distance between the sample on the stage and the com-
pression plate (= [). The difference in the distance before and
after placement of the sample (L-I) was defined as the sam-
ple diameter (Figure 3B and C).

Experimental procedure

Compression was applied to achieve 30%, 50%, and 70% of
the anteroposterior diameter of the gray matter and white
matter. The number of samples of white and gray matter to
which these compressions were applied was 5 and 4, 3 and

4, and 3 and 3, respectively. The detailed procedure was as
follows (Figure 4A):

1) The sample was dried to eliminate all moisture and then
placed on the base. 2) The sample diameter was measured
with a transmissive laser sensor and the height of the com-
pression plate was adjusted to the sample diameter. 3) The
compression plate was lowered at a velocity of 0.2 mmvs to
compress the sample to 30%, 50%, or 70% of its diameter. 4)
The plate was allowed to stay in position for about 10 sec-
onds while the sample was being compressed. 5) The com-
pression plate was raised at a velocity of 0.2 mm/s up to the
height corresponding to the sample diameter. 6) After ap-
proximately 15 seconds, steps 3—5 were repeated on the same
sample to ensure compression-induced injury was achieved.
7) After the second compression, the sample diameter was
measured again with the transmissive laser sensor.

One compression only was used to determine the extent of
crushing of gray and white matter. To evaluate the plasticity
of the tissues, the same experiment was performed twice us-
ing the same compression rate and compression time. Saline
was frequently sprayed on to the samples to keep them wet.

Change of compression time

To determine the effect of compression time, the same ex-
periment was carried out but with the compression hold
time increased from 10 to 20 seconds. The number of sam-
ples to which 30%, 50% and 70% compression was applied
was 4, 7, and 7 (white matter) and 4, 6, and 7 (gray matter),
respectively. The discrepancy in sample numbers between
the gray and white matter was due to exclusion of displaced
samples.

The degree of sample collapse caused by the compression
load was defined as the collapse rate and was used to evalu-
ate the experimental data. The sample was compressed with
a compression plate attached to an automatic drive stage
(SGSP26-150; Sigmakoki, Tokyo, Japan). The reaction force
from the sample was converted to electric signals using a
load cell (LTS-200GA; Kyowa Electronic instruments Cor-
poration. Tokyo, Japan) and captured as distortion signals
that were entered into a personal computer via a data logger
(PCD-300B; Kyowa Electronic instruments Corporation.
Tokyo, Japan). From this data, the collapse rate C;[%] was
calculated using the difference in the positions at which the
load increase occurred in the time-load relationship. More
specifically, the magnitude of compression was estimated
from the difference in the positions at which a significant in-
crease in load occurred between two compression sessions.

Since the time-load curve obtained through compression
testing was almost linear at load values ranging from 50% of
maximum up to the maximum, approximate lines were cre-
ated for this range. The time difference between the intersec-
tion of each approximate line and the time axis was calculat-
ed as dt[s] (Figure 4B). The product of the moving velocity
of the compression plate 0.2 mm/s and dt was defined as
the collapse amount, C;[mm]. The collapse rate, C,[%], was
calculated as the ratio of the collapse amount to the sample
diameter, or the difference in the positions at which load in-
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Figure 3 Test equipment for compression testing.

Figure 1 Spine and spinal cords collected from
Holstein cows.

(A) The spine. (B) The spinal cord. (C) After cut-
ting 100 mm from both ends of the excised spinal
cord with a medical scalpel, the cord was cut into
20-mm pieces.

Figure 2 The needle drop sampling
method.

(A) After the case containing the spinal
cord was mounted on the instrument, an
X-Y stage attached to the base was moved
to reposition the needle to the drop posi-
tion (The needle dropped quickly in the
direction of the white arrow). (B) The nee-
dle (inner diameter was 2.7 mm and outer
diameter was 3.1 mm). (C) A semicircular
polyethylene terephthalate agent was in-
serted into the trabeculae between the pia
mater and arachnoid membrane of the bo-
vine cervical cord. (D) Samples: the lateral
funiculus (white matter) and the anterior
horn (gray matter).

(A) Device. (B) The sample was compressed with a compression plate attached to an automatic drive stage. (C) Samples were compressed in a hori-
zontal plane and the reaction force from the sample was measured. The transmissive laser sensor was positioned appropriately to allow for measur-
ing the distance between the stage and the compression plate (= L) and the distance between the sample on the stage and the compression plate (= I).
The difference in the distance before and after placement of the sample (L) was deemed as the sample diameter.
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Figure 4 Compression analysis.

(A) 1) The sample was dried off to eliminate all moisture and placed on the base. 2) The sample diameter (L-I) was measured with a transmissive
laser sensor and the height of the compression plate was adjusted to the sample diameter. 3) The compression plate was lowered at a velocity of 0.2
mmnvs to compress 30%, 50%, 70% of diameter of the sample respectively. 4) The plate was allowed to stay in position for about 10 seconds while the
sample was being compressed. 5) The compression plate was raised at a velocity of 0.2 mnvs up to the height corresponding to the sample diameter.
6) After approximately 15 seconds, steps 3—5 were repeated once again on the same sample to ensure compression-induced injury. 7) After the sec-
ond compression, the sample diameter was measured again with the transmissive laser sensor. (B) The collapse rate C;[%] was calculated from the
difference in the positions at which the load increase occurred in the time-load relationship. The time difference between the intersection of each
approximate line and the time axis was calculated as dt{s].
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crease occurred, using the following formula:
C; = 100 x dt x compression velocity/(sample diameter [mm])

The collapse rate for each experiment was determined us-
ing the above formula.

Statistical analysis

Since the sex, age and collection site (spinal cord) of the
experimental animals was the same, statistical analysis was
performed under the conditions of collapse rates after 10-
and 20-second compression.

The values of the collapse rate (Cy) measured for white
matter and gray matter were set as objective variables, while
the difference in compression rates at 30%, 50%, and 70%
was set constantly as explanatory variables.

Also set as objective variables were the values of collapse
rates (C,) measured at compression rates of 30%, 50%, and
70%, while the white and gray matter were set constantly as
explanatory variables

The analysis was performed using StatFlex Ver. 6 (Artech
Co., Ltd. Osaka, Japan). P values of < 0.05 were considered
statistically significant using one-way analysis of variance.

Results

After a 10-second compression of the white and gray matter
(Figure 5A and B), no significant difference was found in
the collapse rate between 30% and 50% compression. How-
ever, the collapse rate measured at 70% compression was
significantly greater than that for 30% and 50% compression
(P < 0.001).

Collapse rates for the gray matter at 30% and 50% com-
pression (Figure 5C and D) were significantly higher than
those for white matter (P < 0.05). No significant difference
was observed at 70% compression (Figure 5E), although the
gray matter tended to show more collapse.

The collapse rate increased significantly after 20-second
compression of the white matter, with increasing compres-
sion rates observed from 30% to 50% and then to 70% (Fig-
ure 6A).

After 20-second compression of the gray matter, the col-
lapse rate was higher at 50% compression than at 30% com-
pression, but this was not statistically significant. The col-
lapse rate at 70% compression was significantly higher than
for both 30% (P < 0.001) and 50% compression (P < 0.01)
(Figure 6B).

The collapse rates for gray matter at 30% and 50% com-
pression (Figure 6C and D) were greater than for white
matter, although these differences were not statistically sig-
nificant. However, the collapse rate of gray matter at 70%
compression was significantly greater than that of white mat-
ter (P < 0.01) (Figure 6E).

Discussion
Previously, we conducted simulation analyses of the spinal
cord based on data from tension testing with the bovine spi-
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nal cord (Ichihara et al., 2001). In animal studies, we demon-
strated varying hardness of different nerve tissues, with the
cauda equina being 17 and 47 times harder than the gray
and white matter of the spinal cord, respectively (Nishida et
al,, 2015). We also demonstrated age-related changes in the
hardness of nerve tissues by comparing older and younger
cows (Okazaki et al., 2018). However, spinal cord injury can
be caused by compression and shear force as well as tension
(Taylor, 1953; Penning, 1962; Nagata et al., 1990; Henderson
et al,, 2005). We therefore studied the effects of compression
on the gray and the white matter, since this is important for
predicting and understanding the pathological changes that
occur in the spinal cord.

The pathological changes reported in chronically com-
pressed spinal cords in conditions such as ligament ossifica-
tion and cervical spondylotic myelopathy include flattening
and neuronal loss of the anterior horn (gray matter), whereas
the white matter appears more resistant to such changes (Al-
Mefty et al., 1993; Kameyama et al., 1995). Ono et al. (1977)
reported that severe spinal cord compression was associated
with extensive tissue collapse and cavity formation in the
gray matter. Moreover, Ito et al. (1996) reported that severe
compression causes necrosis and defluvium of the gray mat-
ter and of the ventrolateral side of the posterior funiculus.
The histology of the spinal cord in patients with compressive
myelopathy therefore shows more residual tissues of the an-
terior and lateral funiculi compared to the gray matter, sug-
gesting the latter is more prone to collapse and necrosis than
white matter.

At the cellular level, the white matter of the spinal cord
contains neural fibers, neuroglia and blood vessels, with the
neural fibers coursing longitudinally in the cord. The gray
matter is a relatively loose and disarranged tissue composed
of neurons, axon terminals, dendrites and neuroglial cells.
This differential cellular composition of the gray and white
matter is likely to contribute to the observed differences in
mechanical properties of these tissues.

Regarding the tissue response to compression, Baba et
al. (1996, 1997) reported the cell population in the anteri-
or horn starts to decrease when the cross-sectional area of
the cord decreases by 30% due to compression, reaching a
plateau when the area decreases by 50%. The flexibility of
the spinal cord following decompression is associated with
reversal of spinal cord dysfunction and improvement in neu-
rological symptoms. Indeed, improved clinical symptoms
associated with morphological restoration of the spinal cord
area have been observed in patients following decompres-
sion (Matsuyama et al., 1995). For effective clinical follow-up
it is therefore important to determine the degree of compres-
sion causing collapse of the gray and white matter.

Our results show that a significant increase in the collapse
rate occurs in both the white and gray matter at a compres-
sion of more than 30-50%, consistent with results reported
by Baba et al. Moreover, the gray matter showed a higher
collapse rate than white matter. These findings indicate that
gray matter is mechanically weaker than white matter, which
is also consistent with previous reports.
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One of the limitations of our study was the short com-
pression times. In clinical cases, compression is applied to
the spinal cord over several years and the severity of com-
pression can change over time. We observed no significant
difference between gray and white matter according to the
compression time. Another limitation is that the degree
and duration of compression leading to irreversible change
or functional impairment of gray and white matter is un-
known. Other limitations are that study samples were dead
bovine rather human origin, the sample size was relatively
small, vascular insufficiency was not considered, and that no
assessment was made of histological damage following com-
pression. Moreover, tissue samples were collected from the
anterior horn and lateral funiculus in order to avoid having
a mixture of tissues, but it is not known whether the ante-
rior/posterior funiculus and posterior horn have the same
strength. Previous reports on ligament ossification showed
that spinal cords deformed by compression still maintain
their function (Mizuno et al., 1992; Kameyama et al., 1995).
Therefore it is not possible to fully explain the relationship
between compression and spinal cord function by focusing
only on compression.

In summary, the two major findings of this study are that
gray matter tends to show less plasticity than white matter,
and that increased compression was associated with a great-
er impact on both white and gray matter. These observations
can be used to inform future mechanistic studies, as well as
suggesting the need to determine the extent of compression
of white and gray matter in clinical practice. These data
should also contribute to simulation analyses.

Correct interpretation of medical imaging results and
awareness of the mechanical differences between gray and
white matter in response to compression is important for
understanding the clinical course of patients with spinal
conditions.
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