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Fig. 8.1 (a) Transverse slab of the C3 vertebri and the spinal cord with the serew cut 3 mim in thickness.
showing the deformation of the spinal cord by the unilateral compression. (b) Softex radiograph showing
the position of the screw and the extent of compression

8.2.2 Tissue Preparation and Staining

Rabbits were sacrificed by the intravenous injection of a high dose of pentobarbi-
turate 1 week after the surgery for hematoxylin and eosing (HE), Kluver-Barrera
(KB) medullary sheath staining, and GFAP immunohistostaining and 48 h after
the surgery for RCA-1 immunohistostaining. The cervical spine and spinal cord
were removed together with the serew in situ. The specimen was fixed in 10 %
neutral-buffered formalin. The C5 vertebra was transversely cut above and below
the screw with a diamond band saw to obtain a 3-mm-thick slab (Fig. 8.1a).
A Softex radiograph of the slab was taken for the assessment of the position of the
serew (Fig. 8.1b). The screw was then removed from the slab. Spinal cord speci-
mens were taken out of the slabs and lixed in the same fixative, and sections 5 pym
thick were obtained. The sections were stained by HE and KB medullary sheath
staining for the observation of the axons and myelins and for the measurement of
the area.

8.2.3 Measurement of Compression Rate

On the Softex radiographs of the transverse slabs of the C5 vertebrae with the screws,
the areas of the protruding screws in the spinal canal and the areas ol the spinal
canals were measured using an image scanner and a personal computer with the
software of the NIH image version 1.6. The ratio of the former to the latter was
defined as “the compression rate.”
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8.2.4 Measurement of Gray and White Matter Area in Each
Half of the Spinal Cord

On the slide of the KB medullary sheath staining, the spinal cord was divided into
the compressed half and the contralateral half by the line of anterior median fissure
and the posterior median sulcus through the central canal. The areas of the gray and
white matter in each half of the spinal cord were measured using the image scanner
interfaced with a computer.

8.2.5 Immunohistochemistry

Immunohistostaining of the astrocyte was carried out using an antibody to GFAP
(polyclonal antibody; Dako, Glostrup, Denmark). Microglia were stained with an
immunoperoxidase method using a lectin Ricinus communis agglutinin (RCA-1;
Vector Laboratories, Burlingame, CA, USA) according to the method described by
He and colleagues [13].

8.2.6 Count of Glial Cells

To count the GFAP-positive astrocytes, ten selected sections of the anterior and dorsal
horns in the gray matter and the anterior, lateral, and dorsal funiculi in the white
matter on the compressed and contralateral halves were determined on the GFAP
staining slide; the center of each anterior and posterior horn section was defined as the
midpoint of the line between the central canal and the tip of the anterior and dorsal
horns. The center of each funiculus section was defined as the midpoint of the thick-
ness of the funiculus. The section covered an area measuring 0.21 x0.32 mm.
The density of GFAP-positive astrocytes was calculated from the number of the cells
in each section. The density of GFAP-positive astrocyies in the gray matier was
defined as the average of the densities in the anterior and dorsal horns. The density of
GFAP-positive astrocytes in the white matter was defined as the average of the densities
in the anterior, lateral, and dorsal funiculi,

8.3 Results

The compression rate was defined by the ratio of the area of the protruding screw in the
spinal canal to the area of the spinal canal. The compression rate was 17.1£3.7 %
(mean=SD) in the mild compression group and 31.8+3.2 % in the moderate compres-
sion group. The difference in the rate between the mild compression and moderate
compression was considered extremely significant by unpaired -test (»<0.0001).
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A B

Fig. 8.2 The spinal cord was deformed into the shape of a reversed comma. The compressed
half of the spinal cord was shaped like a boonierang and the contralateral half like a semicircle.
The midline of the spinal cord, connecting the anterior median fissure to the posterior median
sulcus through the central canal. was curved convexly to the contralateral half. (a) Under mild
compression and {(b) under moderate compression (Kluver-Barrera, x10)

No apparent abnormal walking or movements of the upper and lower limbs
were observed during the observation period of 1 week after surgery in rabbit
(Tarlov rate 4).

8.3.1 Morphologic Change

In these animals, the spinal cord was deformed into the shape of a reversed comma.
The compressed half of the spinal cord was shaped like a boomerang and the
contralateral half like a semicircle. The midline of the spinal cord, connecting the
anterior median fissure (o the posterior median sulcus through the central canal, was
curved convexly to the contralateral half. The anterior funiculus and the anterior
horn were flattened in the compressed half (Fig. 8.2).

8.3.2 Area of Gray Matter and White Matter in Compressed
Half and Contralateral Half

The area of each hall of the spinal cord is shown in Table 8.1. The areas of both
halves with moderate compression were significantly smaller than those in the sham
animals (p<0.001), as were those associated with mild compression (p<0.01).
Comparisons between the compressed and contralateral halves revealed no signifi-
cant differences in surface areas following mild compression, whereas there were
significant differences with moderate compression (p<0.05).

To analyze the reductions in the gray vs. white matter, the ratio of the gray matier
to the white matter (gray/white matter) was calculated. However, via this approach,
no significant differences in the ratios between the compressed and contralateral
halves were found.
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Table 8.1 Area and ratio of the gray matter to the white matter area (gray/white matter) under the
compression (mean+SEM)

Compressed half Contralateral half

Area Gray/white matter  Area Gray/white matter
Sham? 5.89x0.17 0.30+0.02
Mild compression 5.06x0.22 0.27x0.02 5.29+0.21 0.25::0.01
Moderate compression  3.75x0.31%¢¢  0,23+0.03 4.32x£0.24%¢  0.24x0.01

“Average of both halves of the spinal cord

bSignificantly lower than sham (p<0.001)

<Significantly lower than the compressed half in mild compression (p<0.001)
4Significantly lower than the contralateral half in mild compression (p <0.01)
<Significantly lower than the contralateral half in moderate compression (p<0.05)

8.3.3 Asirocyte Response

The densities of GFAP-positive astrocytes of both halves under the moderate
compression were significantly higher than those in sham animals (p<0.001 in the
compressed half, p<0.05 in the contralateral half) (Fig. 8.3). The GFAP-positive
glial density in the compressed half with moderate compression was significantly
higher than seen with mild compression (p<0.01). Comparisons between the com-
pressed and coniralateral halves revealed that compressed half contained signifi-
cantly higher GFAP-positive glial density than the contralateral half following
either mild or moderate compression (p<0.05, p<0.01, respectively). As the com-
pression increased, the density of GFAP-positive astrocytes increased markedly in
the anterior horn of the compressed half (Fig. 8.4a).

In the dorsal horn, the density of the GFAP-positive glia of both halves with
moderate compression was significantly higher than those in sham animals (p<0.01,
p<0.05, respectively). Comparison of the two halves demonstrated no significant
difference with mild compression; however, the glial density of the compressed half was
significantly higher than that of the contralateral side under moderate compression
(p<0.01) (Fig. 8.4b).

In the anterior funiculus, the GFAP-positive glial density in the two halves of the
cord under mild and moderate compression was significantly higher than in the
shams (each p<0.01). The glial density within the compressed half under the mod-
erate compression was significantly higher than seen with mild compression
(p<0.01). In contrast, the glial density within the contralateral half following mod-
erate compression did not increase significantly compared to mild compression.
Comparison of both halves of the spinal cord revealed no significant difference with
mild compression; however, the glial density of the compressed half was markedly
increased in comparison to the contralateral half following moderate compression
(p<0.05) (Fig. 8.4c).

In the lateral funiculus, the GFAP-positive glial density within both halves of the
spinal cord following mild and moderate compressions was significantly higher
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Fig. 8.3 Compared with the sham animals (a), extensive proliferation of GFAP-positive astrocytes
in the anterior horn was seen in the compressed half (b) and the contralateral half (¢) with mild
compression and in the compressed half (d) and contralateral half (¢) under moderate compression
(GFAP stain, x80)

than those in the sham animals (each p<0.005) (Fig. 8.5). Comparison of both halves
of the spinal cord revealed no significant differences with the mild and moderate
compression (Fig. 8.4d).

In the dorsal funiculus, the glial density in both halves under mild and moderate
compression was significantly higher than in the shams (each p <0.005). There were
no significant differences between either half of the cord following either mild or
moderate compression (Fig. 8.4e).
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Fig. 8.4 The densities of GFAP-positive astrocytes increased in the two halves of the unilaterally
compressed spinal cord. The density markedly increased in the gray matter and the anterior funicu-
lus in the compressed half (Com.) compared with the contralateral half (Contra.) according to the
increase in the compression. The differences in densities at the lateral and dorsal funiculi were not
significant between the two halves of the spinal cord. (a) Anterior horn. (b) Dorsal horn.
(c) Anterior funiculus. (d) Lateral funiculus. (e) Posterior funiculus (***p<0.001, **p<0.01,
#*p<0.05)

8.3.4 Relationship Between Area and Density
of GFAP-Positive Astrocytes

The relationship between the area and the density of GFAP-positive astrocyies in
the gray and white matter is shown in Fig. 8.6. Based upon the area reduction, the
density of the compressed half increased more than that of the contralateral half in
both the gray and white matter. Analyses of covariance (ANCOVA) were carried out
to evaluate the influence of the compression on the variable density of GFAP-
positive astrocytes in the gray and white matter independently of the area reduction.
The densities of GFAP-positive astrocytes in the gray and white matter were entered
as a dependent measure. The side of compressed or contralateral in the spinal cord
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Fig. 8.5 Compared with the sham animals (a), extensive proliferations of GFAP-positive astrocytes
at the lateral funiculus were seen in the compressed half (b) and the contralateral half (¢) under
mild compression and in the compressed half (d) and contralateral half (¢) under moderate
compression (GFAP stain, x80)

was entered as a fixed variable, and the areas of gray and white matter were entered
as covariate. The density of GFAP-positive astrocytes in the compressed half was
significantly higher than that of the contralateral half in both the gray (p<0.05) and
white maiter (p<0.05). GFAP-positive astrocytes proliferated in the compressed
half more than in the contralateral half of the unilaterally compressed spinal cord
independent of the area reduction.
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Fig. 8.6 Relationship between the area and the density of GFAP-positive astrocytes in the gray
and white matier. Based on the area of reduction, the density of the compressed half increased
more than that of the contralateral half in the gray and white matter. The density of GFAP-positive
astrocytes in the compressed half was significantly higher than that of the contralateral half in
the gray (p<0.05) and white matter (p<0.05) independently of the area reduction by ANCOVA.
(2) Gray matter, (b) white matter

8.3.5 Microglia Response

Microglia were classified morphologically into resting and reactive microglia based
on the RCA-1-positive structures observed by a light microscopy. The resting
microglia have long finely branched processes from mainly opposite poles of the
perinuclear cytoplasm. The reactive microglia have shortened and thickened processes
that extend in all directions from enlarged cytoplasms.

In the sham group, resting microglia with long finely branched processes from
perinuclear cytoplasms were observed adjacent to neurons in the gray matter more
than in the white matter in the lectin RCA-1 immunostaining. No reactive microglia
was found in both gray and white matters.

In the mild compression group, the mild proliferation of reactive microglia,
which have shortened and thickened processes that extend in all directions from
enlarged cytoplasms, was observed in the anterior horn of the compressed half of the
spinal cord. In contrast, only a few reactive microglia were observed in the anterior
horn of the contralateral half. No reactive microglia was found in the white matters
on both halves (Fig. 8.7).

The numbers of resting and reactive microglia in the sham and mild compression
groups are shown in Table 8.2. There was no significant difference in the total
numbers of resting and reactive microglia in the gray and the white matters between
the sham and mild compression groups 48 h after the surgery. Reactive microglia
in the anterior horn of the compressed half, however, increased significantly compared
to the other areas and it was not observed in the white matter.
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Fig. 8.7 In the deformed spinal cord under mild compression (a). reactive microglias (arrowhead)
and resting microglias (arrow) were observed in the anterior horn of the compressed half (b).
Asterisks show some of RCA-positive vascular vessels. No reactive microglia was found in the
white matter of the compressed half (¢). A few reactive microglias (arrowheady were observed in
the anterior horn of the contralateral half (d) (RCA-1 stain, x200)

Table 8.2 The numbers of resting and reactive microglia in the mild compression and sham
groups (mean=SD)

Mild compression Sham®

Resting Reactive Total Resting
Compression side  Anterior horn 18859 10.8£3.3%  29.6+33 31028
(right side) Dorsal horn 252449 3.8+3.8 29.0+1.9 32.5x3.5
Anterior funiculus 14.6+0.5 00 14.6+0.5 17.5+0.7
Lateral funiculus 14.8+0.8 00 14808 16.0x14
Dorsal funiculus 158220 0x0 158220 14.5£0.7
Contralateral side Anterior horn 26.8+4.8 26x22 29431 31.0x4.2
(left side} Dorsal horn 29220 02204 29421 205+0.7
Anterior funiculus 14.8x1.3 0=0 14.8+1.3 170214
Lateral funicuolus 16.6+1.8 0x0 16.6+1.8 16.6:0.0
Dorsal funiculus 15.8+1.1 0x0 13.8=1.1 16.0x14

*No reactive microglia was found in any area in the sham group
“Significantly higher than the dorsal horn of the compression side and anterior and dorsal horn of
contralateral side (p<0.01)
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8.4 Discussion

To date, there have been several pathologic studies of cervical spondylotic myelopathy.
Ito and colleagues have described neuropathologies of seven patients with various
degrees of severity of cervical spondylotic myelopathy who were autopsied [14].
They concluded that there was a common pattern of lesion progression in cervical
spondylotic myelopathy with atrophy and neurcnal loss in the anterior horn and
intermediate zones developing first, followed by degeneration of the lateral and
posterior funiculi. Extensive destructive change such as axonal loss, myelin destiuction,
and cavity formation in the degenerating spinal cord was observed in the terminal
stages of this progression. Our model most likely corresponds to the latent stage of
paralysis and reveals the histological changes that are associated with myelopathy
in patients with unilateral compression of the cervical spinal cord.

Proliferation of GFAP-positive astrocytes is considered as the haltmark of the CNS
response to neural injury. GFAP is useful to detect the gliotic response in ischemic
brain injury [15, 16] and assess the damage in neurotoxic brain injury [17]. In this
study, the intensity of GFAP immunoreactivity was correlated with the severity of
the compression not only at the site of compression but also at rostral and caudal
points [18]. It is therefore reasonable to assume that increased numbers of GFAP-
positive astrocytes can serve as an indicator of tissue injury in CNS. This assump-
tion, however, must be evaluated in relation to any potential reduction in the issue
area. The results of ANCOVA performed to evaluate the GFAP-positive astrocyte
proliferation independent of the area reduction clearly demonstrated that GFAP-
positive asirocytes proliferated in the compressed half more than in the contralateral
half of the unilateral compressed spinal cord.

Microglias, one of the inflammatory cells in the CNS, are rapidly activated in
response to any CNS insult. Microglial activation occurs as a graded response,
characterized by their transformation into phagocytic cells with macrophage-like
morphology (reactive microglia) and proliferation [19]. In the present study, the
distribution of GFAP-positive astrocytes in the unilateral spinal compression cor-
responded to that of reactive microglia. Microglia respond more rapidly than any
other cells to a variety of injuries in the CNS [20]. The microglial reaction precedes
the astroglial reaction by release of astroglia-stimulating factors [21] and macro-
phage migration inhibitory factor [22], which increase astrocytic glutamine synthe-
tase and GFAP immunoreactivity and promote reactive astrocytosis. These studies
account for the analogy between the distributions of the reactive microglia and the
GFAP-positive astrocytes in the present study.

In the present study, damage occurred even in the contralateral half of the uni-
laterally compressed spinal cord due io the mechanical stress exerted from the
compressed half of the spinal cord. Using a finite element analysis model (FEM)
of unilateral spinal cord compression, the stress concentration at the gray matter of
the compressed half was markedly higher than that of the contralateral half. In
contrast, equivalent stress concentrations were shown in the lateral funiculus of
both halves [23]. The density of GFAP-positive astrocyies reported in the present
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study was compatible with the stress distributions predicted from the FEM.
The observed discrepancy in the histological reaction between the anterior horn
and the lateral funiculus of the two halves is most likely linked to differences in the
stress concentration.

In compression myelopathy, neurological symptoms and signs theoretically
depend on the site and severity of the compression. The compression of only a half
of the spinal cord should present a pure Brown-Séquard syndrome. However, only
23 % of 129 paramedian herniation cases with cervical myelopathy presented
Brown-Séquard syndrome, whereas the remaining 77 % presented transverse lesion
syndrome. The majority of patients with transverse lesion syndrome revealed the
ipsilateral predominant palsy of the same upper limb as the compressed side of the
spinal cord and bilateral motor and sensory deficits of the lower limbs that were
equivalent [7]. Based on the density of GFAP-positive astrocytes in the unilateral
compressed spinal cord, the damage in the gray matter of the compressed half was
significantly higher than that of the contralateral half, whereas the damage at the
lateral funiculus, where the lateral pyramidal and the dorsal spinocerebellar tracts
are located, and the dorsal funiculus did not show significant differences between
the compressed and contralateral halves. These findings provide evidence for the
mechanistic basis of spinal cord damage that leads to transverse lesion syndrome in
unilateral compression myelopathy.

8.5 Conclusion

Under the unilateral compression, the density of GFAP-positive astrocytes in the gray
matter and the anterior funiculus increased significantly in the compressed half com-
pared to the contralateral half of the spinal cord. The densities in the lateral and dorsal
funiculi, however, were not significant differences between the both halves. The distri-
bution of GFAP-positive astrocytes in the unilateral spinal compression corresponded
to that of reactive microglia. These findings provide evidence for the mechanistic basis
by which unilateral compression induces transverse damage to the spinal cord.
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Chapter 25

Stress Distribution of the Spinal Cord

and Clinical Relevance in Cervical Spondylotic
Myelopathy

Kohei Takahashi, Hiroshi Ozawa, Naoya Sakamoto, Yuka Minegishi,
Masaaki Sato, and Eiji Itoi

Abstract Intramedullary stress was analyzed in patients with cervical spondylotic
myelopathy (CSM) using a finite element method (FEM). A total of 99 disc levels
of 30 patients with CSM were analyzed and divided into two groups: 33 disc levels
with high signal intensity (HSI) on T2WI MRI (HSI group) and 66 disc levels with-
ount HSI (non-HSI group). Ninety disc levels of 30 patients without myelopathy
were set up as a control group. The stress in the HSI group was significantly highest
among three groups. The cutoff value to present HSI was 2.30 kPa from a receiver
operator characteristics (ROC) analysis. A multiple logistic regression analysis was
performed to compare the utility of the three parameters as prognosticators for the
onset of myelopathy: intramedullary stress, the cross-sectional area of the spinal
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cord, and the anteroposterior compression ratio (APCR). Intramedullary stress had
the highest odds ratio. The intramedullary stress significantly reduced after surgery.
From the analysis of the correlation between the local kyphosis angle and the reduc-
tion of the stress after surgery in HSI group, the higher the kyphosis was, the less the
reduction of the stress after surgery. In conclusion, intramedullary stress reflected
clinical manifestations in patients with CSM.

Keywords Cervical spondylotic myelopathy ° Finite element method ° Intramedullary
stress

25.1 Introduction

In patients with cervical spondylotic myelopathy (CSM), symptoms are attributed
to compression of the spinal cord. However, compression of the spinal cord does not
always induce symptomatic myelopathy. It is observed in 7.6-26 % of asymptomatic
subjects [1, 2].

Numerous factors that contribute to the onset of cervical myelopathy have been
reported. However, the degree of spinal cord compression inducing myelopathy
remains inadequately understood. The cross-sectional area of the spinal cord and
the anteroposterior compression ratio (APCR) of the spinal cord have been reported
to be factors indicating the relationship between spinal cord deformities and symp-
toms of CSM [3-6]. However, it is not easy to evaluate whether the compression is
symptomatic in the clinical practice even with those parameters.

Ozawa et al. [7] reported that the distribution of pathological changes in a unilat-
eral spinal cord compression model using rabbits is compatible with the stress dis-
tribution drawn from the finite element method (FEM) model. Also, there have been
several reporis that show the significance of intramedullary stress to the pathogen-
esis of CSM by biomechanical simulations of cervical spinal cord compression
using FEM [8-10]. However, there has been no research that clinically examines the
relationship between neurological condition and intramedullary stress distribution
in actual patients with CSM.

We considered that intramedullary stress is strongly related to the pathogenesis
of cervical myelopathy. To clarify the influence of intrameduilary stress on CSM,
intramedullary stress distribution of the spinal cord was analyzed in patients with
CSM using the FEM, and then the following four issues were investigated.

1. Influence of intramedullary stress on the onset of CSM

2. Comparison of clinical relevance among intramedullary siress, cross-sectional
area, and APCR ‘

3. Change of the intramedullary stress after decompression surgery

4. Relationship of intramedullary siress to sagittal alignment of cervical spine
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25 Stress Disiribution of the Spinal Cord and Clinical Relevance. .
25.2 Material and Methods

25.2.1 Creating an FEM Model to Analyze Intramedullary
Stress

25.2.1.1 Extracting the Shape of the Spinal Cord

A midsagittal image of T2-weighted magnetic resonance image (T2W1) of the cer-
vical spine was scaled up five times on a tablet (Cintig 12WX®, Wacom, Japan). The
anterior and posterior margins of the spinal cord from the inferior margin of the
vertebral body of C2 to the inferior margin of the vertebral body of C7 were marked
manually with dots at intervals of approximately 1 mm. The coordinate data of these
dots were obtained using ImageJ® software (National Institutes of Health, NIH)
(Fig. 25.1). The anterior and posterior margins were approximated by spline curves
made from the coordinate data. The shape of the spinal cord was determined by
combining the spline curves of the anterior and posterior margins.

2. 25.1 Exuracting the shape of the spinal cord. On the midsagittal T2ZW1 images of the cervical
spine. the anterior and posterior margins of the spinal cord from the inferior margin of the vertebral
body of €2 1o the inferior margin of the vertebral body of C7 were marked with dots at intervals of
approximately 1 mm (2). (b} is & magnified figure of the square in (a)

Fio, 28
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Fig. 25.2 FEM analysis. A straight line model was made by connecting the cranial and caudal
corners of the spinal cord approximated by the spline curves (a). Then, the fixed displacement
obtained from the spinal cord shape was imposed on the straight line model (b) and the stress
distribution was quantificd as the von Mises equivalent stress (o)

25.2.1.2 FIEM Analysis

A straight line model made by connecting the cranial and caudal corners of the spinal
cord approximated by the spline curves was constructed with 4,000 two-dimensional
eight-node clements (Fig. 25.2a). Both the cranial (top) and caudal (bottom) edges of
the model were constrained in all directions. Then, the fixed displacement obtained
from the spinal cord shape was imposed on the straight line model (Fig. 25.2b) and
the stress distribution was quantified as the von Mises equivalent stress using Ansys
11.0 software (Ansys Ver. 11, Ansys Inc., USA) (Fig. 25.2¢). The initial modulus of
clasticity and Poisson’s ratio of the spinal cord were applied as 5 kPa and 049
respectively, based on a previous study {111 The area from the middle of the verte-
bral body of C3 to the middle of the vertebral body of Cd was defined as the C3—4
disc level. The C4-5 and C5-6 disc levels were similarly defined (Fig. 25.3). The
maximum stress value at each disc level was defined as the stress at that segment.
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a b

Fig. 25,3 On the preoperative midsagittal T2W1 image. the intramedullary stress distribution was
analyzed (a). The C4-3 disc level presented the highest stress. The postoperative stress was analyzed
from midsagittal T2WT image (by. The stress at the C4-5 disc level reduced markedly

25.2.2 Patients for Analysis

Thirty-three consecutive patients (21 males and 12 females) with CSM who under-
went Kurokawa's laminoplasty at one hospital were evaluated. These patients had
been participants of another study designed as a prospective study [12]. All patients
with CSM clinically presented transverse lesion syndrome consisting of bilateral
motor and sensory deficits of the upper and lower limbs with exaggerated knee and
Achilles jerks. These patients underwent preoperative MRI and then postoperative
MRI4 weeks after surgery. The mean age of the patients was 62.1 2 11.0 (mean=5D)
vears (93 % confidence interval: 58.2-606.0).

All patients presented high signal intensity (HSI) in any of three disc levels of
C3-4 C4-5, and C5-6 on T2WI MRI. The disc levels with HST were at T34 in six
cases. al C4-5 in 13 cases. and at C5-6 in 14 cases. A total of 99 dise levels from
C3 1o C6 in 33 patients were divided into two groups: 33 disc levels with HST (HSI
group) and 66 disc levels without HSI (non-HST group).

Thirty patients (18 males and 12 females) who underwent cervical MRI for rea-
sons other than myelopathy were enrolled in this study, and 90 disc levels from C3
to CO were set up as a control group. The mean age of the control patients was
62.1x13.0 (meanxSD) (95 % confidence interval: 57.3-66.9) years. All patients
with CSM had spinal cord compression at least in one disc level and some of them
had multilevel compression on MRI, while patients in the control group had no
obvious spinal cord compression. None of the disc levels in the control group pre-
sented HST on T2WL
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25.3 TIlustrative Case

The patient was an 82-year-old male. The disc level presenting HSI was C4-5, The
highest intramedullary stress was demonstrated in C4-3 disc level (C3-4: 1.7 kP,
Cd-5: 2.9 kPa, and C5-6: 0.7 kPay (Fig. 25.3a). The intramedullary stress at each
disc level was clearly reduced after posterior decompression surgery (C3-4: 1.3 kPa,
C4-5: 1.0 kPa, and C5-6: 0.5 kPa) (Fig. 25.3b).

25.4 Influence of Intramedullary Stress on the Onset
of Cervical Spondylotic Myelopathy

25.4.1 Relationship Between HSI and Intramedullary Stress

To evaluate the relationship between intramedullary stress and spinal cord degen-
eration, intramedullary stress was compared among the HSI group, the non-HSI
group, and the control group. In all patients with CSM, the disc level with HSI
presented the highest stress among the three disc levels evaluated. Intramedullary
stress was 3.16+0.86 kPa (mean=SD) in the HSI group, 1.81 £0.72 kPa in the non-
HST group, and 1.01 £0.37 kPa in the control group. The stress in the disc level with
HST was significantly highest among three groups (p<0.0001) (Fig. 25.4).

Intramedullary signal change on MRI is generally considered to reflect nerve
tissue degencration [13]. In addition, the level of HSI on T2WI was deemed
responsible for symptoms [14, 15]. In the present study, HST was strongly associ-
ated with intramedullary stress. Thus intrameduliary high stress due to spinal cord
compression was considered to induce nerve tissue damage, resulting in the onset
of CSM.

P<0.001

(kPa) 5

5.0 1 P<0.001

1
4.0
3.0 P<0.001
0 I

2.0 1

1.0 -

HsI Non-HSI  Control

Fig, 25,4 The stress in the HSI group was significantly largest among three groups
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Fig. 25.5 Receiver operator 1
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25.4.2 Cutoff Value of Stress to Induce HSI

The cuioff value of stress to induce HSI was investigated. A total of 189 disc levels in
three groups were analyzed from a receiver operator characteristics (ROC) curve, and
the cutoff value of stress to present HSI was investigated. The ROC curve is shown in
Fig. 25.5. The area under the curve (AUC) was 0.95. The qualified cutoff value to
cause the HSI was 2.30 kPa (sensitivity 78.8 %, specificity 91.9 %). There was no
disc level presenting high intramedullary stress over 2.3 kPa without spinal cord com-
pression on MRI None of the disc levels in the control group exceeded 2.30 kPa.

Compression of the spinal cord is observed in 7.6~26 % of asymptomatic sub-
jects [1, 2]. It is not easy to evaluate whether compression of the spinal cord is
symptomatic. No disc level in the control group exceeded the cutoff value which
was presented in the present study. We considered, therefore, that a threshold of
intramedullary stress to present symptoms of myelopathy actually existed. That is,
when the intramedullary stress reaches at some extent, neurological dysfunction
should become obvious.

25.5 Comparison of Clinical Relevance Among Intrameduliary
Stress, Cross-Sectional Area, and APCR

A multiple logistic regression analysis was performed to compare the utility of each
of these three parameters as prognosticators for the onset of myelopathy. The objec-
tive variable was whether the segment presented HSI, while the explanatory variables
were siress, cross-sectional area, and APCR. The cutoff values for all the explanatory
variables were obtained from the ROC analysis, and explanatory variables were con-
verted to two-valued variables based on the cutoff values. The cutoff values for cross-
sectional area and APCR were 57.3 mm? (Sensitivity 69.7 %, specificity 69.7 %) and
36.2 % (sensitivity 75.8 %, specificity 74.3 %), respectively. The result of the multi-
ple logistic regression analysis was shown in Table 25.1. The odds ratios for stress,
cross-sectional area, and APCR were 11.1, 4.1, and 4.3, respectively. Stress showed
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Table 25.1 Odds ratio of prognostic parameters

Odds ratio (95 % CI) P value
Intramedullary stress 11.1 (3.67-38.6) p<0.0001
Area of spinal cord 4.1(1.30-13.8) p=0.016
APCR 4.3 (1.4-14.1) p=0.011

APCR anteroposterior compression ratio

the largest odds ratio and was found to be the most useful prognosticator for the onset
of myelopathy.

In the present study, the disc level with HSI presented the highest stress and the
smallest cross-sectional area of the spinal cord among the three disc levels evaluated
in all cases. However, in three cases, the disc levels with HSI did not correspond to
the disc levels of the lowest APCR. The APCR does not express the severity of
spinal cord deformities in some cases, for example, in cases in which the spinal cord
is deformed into a boomerang shape or comma shape. We believe that the APCR is
not an adequate parameter to express spinal cord deformities since it is calculated
only for the transverse and anteroposterior diameters.

Penning et al. [6] reported that long iract signs appear when the cross-sectional
area of the spinal cord is reduced by approximately 60 mm?® or less, based on an
analysis of CT myelograms in 80 cases of CSM. Kadanka et al. [5] reported that a
cross-sectional area of the spinal cord between 50 and 60 mm? is the critical value
for significant disability, based on a prospective study of a large cohort of patients
with CSM. On the other hand, Golash et al. {16] suggested that the cross-sectional
area of the spinal cord is not a prognosticator for the presence of myelopathy since
the area overlaps significantly between patients with and those without myelopathy.
Kato et al. [17] reported that the cross-sectional area of the spinal cord at any disc
level shows a dispersion with a standard deviation of approximately 10 mm? based
on the cervical MRI images of 1,211 asymptomatic subjects. The absolute value of
the cross-sectional area of the spinal cord does not predict the onset of CSM.

We analyzed the intramedullary stress of the patients with CSM from sagittal
image. A stress analysis of sagittal MR images reflects both the spinal cord com-
pression and sagittal alignment of the spinal cord, which cannot be expressed on
axial images. The sagiital alignment of the cervical spine has a potent effect on the
prognosis of CSM [18]. The method of analysis of the sagittal plane implemented
in the present study was considered to have an advantage for investigating the path-
ological conditions of the spinal cord.

25.6 Preoperative and Postoperative Stress Values
of the HSI Group

Preoperative and postoperative stress values of the HSI group were compared using
paired t-test. The preoperative stress in the HSI group was 3.16:0.86 kPa, and the
postoperative stress was down to 1.38+0.43 kPa. It reduced significantly after the
surgery (p<0.0001) (Fig. 25.6).
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