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Study Design. Post hoc analysis of prospectively collected data.
Objective. Development of methods to determine in vivo
spinal cord dimensions and application to correlate preoperative
alignment, myelopathy, and health-related quality-of-life scores in
patients with cervical spondylotic myelopathy (CSM).

Summary of Background Data. CSM is the leading cause of
spinal cord dysfunction. The association between cervical alignment,
sagittal balance, and myelopathy has not been well characterized.
Methods. This was a post hoc analysis of the prospective,
multicenter AOSpine North America CSM study. Inclusion criteria
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for this study required preoperative cervical magnetic resonance
imaging (MRI) and neutral sagittal cervical radiography. Techniques
for MRI assessment of spinal cord dimensions were developed.
Correlations between imaging and health-related quality-of-life
scores were assessed.

Results. Fifty-six patients met inclusion criteria (mean age = 55.4
yr). The modified Japanese Orthopedic Association (mJOA) scores
correlated with C2—C7 sagittal vertical axis (SVA) (r = —0.282, P =
0.035). Spinal cord volume correlated with cord length (r = 0.472,
P < 0.001) and cord average cross-sectional area (r = 0.957, P <
0.001). For all patients, no correlations were found between MRI
measurements of spinal cord length, volume, mean cross-sectional
area or surface area, and outcomes. For patients with cervical
lordosis, mJOA scores correlated positively with cord volume
(r =0.366, P = 0.022), external cord area (r = 0.399, P = 0.012),
and mean cross-sectional cord area (r = 0.345, P = 0.031). In
contrast, for patients with cervical kyphosis, mJOA scores correlated
negatively with cord volume (r = —0.496, P = 0.043) and mean
cross-sectional cord area (r = —0.535, P = 0.027).

Conclusion. This study is the first to correlate cervical sagittal
balance (C2-C7 SVA) to myelopathy severity. We found a moderate
negative correlation in kyphotic patients of cord volume and cross-
sectional area to mJOA scores. The opposite (positive correlation)
was found for lordotic patients, suggesting a relationship of cord
volume to myelopathy that differs on the basis of sagittal alignment.
It is interesting to note that sagittal balance but not kyphosis is tied
to myelopathy score. Future work will correlate alignment changes
to cord morphology changes and myelopathy outcomes.
Summary Statements. This is the first study to correlate
sagittal balance (C2-C7 SVA) to myelopathy severity. We found
a moderate negative correlation in kyphotic patients of cord
volume and cross-sectional area to mJOA scores. The opposite
(positive correlation) was found for lordotic patients, suggesting a
relationship of cord volume to myelopathy that differs on the basis
of sagittal alignment.
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gressive, degenerative disease, is the leading cause of

acquired spinal cord dysfunction worldwide.'* The
degenerative changes associated with CSM can also result
in loss of normal segmental and regional sagittal alignment,
including kyphosis and sagittal imbalance.> These changes
may be from primary cervical disease or related to changes
in subjacent spinal regions, including thoracic kyphosis and
loss of lumbar lordosis.>* Compensatory cervical hyperlor-
dosis with resulting dorsal ligamentous buckling and cord
impingement may result from global sagittal imbalance.>= In
addition, segmental kyphosis may contribute to spinal cord
dysfunction through multiple mechanisms, including direct
compression, repeated flexion/extension injury, and vascular
compromise.

Standard strategies for treatment of CSM have focused
on direct spinal canal decompression and often stabiliza-
tion from an anterior or posterior approach."®” Myelopathy
improvements seen after decompression can be quite variable
and have been partly associated with patient age, severity, and
duration of preoperative myelopathy, chronicity of symptoms
prior to surgical intervention, and cord signal changes seen on
magnetic resonance imaging (MRI).h38-11

Work in animal models has demonstrated that cord ten-
sion may impact cord function via perfusion and that cervical
kyphosis may induce gliosis and neuronal apoptosis.>!>!> Shi-
mizu et al'? developed an animal model of progressive cervical
kyphosis and demonstrated a significant correlation between
the kyphotic angle and the development of spinal cord compres-
sion, demyelination, vascular compromise, and neuronal cell
loss. The study of human cadaveric models of cervical and tho-
racic kyphosis has demonstrated significant increase in spinal
cord intramedullary pressure with progressive deformity.!#¢
Reports have also detailed the use of posterior vertebral column
subtraction osteotomy techniques as a means of reducing cord
tension resulting from recurrent tethered cord syndrome.!”:®

To date, the correlations between cervical alignment, sagit-
tal balance, and myelopathy have not been well character-
ized. Furthermore, it is not well understood whether align-
ment correction in the cervical spine, in addition to adequate
decompression in certain circumstances, may further improve
myelopathy scores and disability via decreased cord ten-
sion.”! The exact extent and manner in which the spinal
cord morphological characteristics would respond to changes
in vertebral column realignment are unknown.

As a means of evaluating this in detail, our objectives in the
present study included development of new methods to deter-
mine in vivo cervical spinal cord length, surface area, and
volume in relation to vertebral column alignment. This tech-
nique was then applied and correlated to preoperative align-
ment, myelopathy, and disability scores in a group of patients
with cervical myelopathy undergoing surgical treatment. On
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the basis of development of these novel techniques, future
work will correlate alignment changes to cord morphology
changes and myelopathy outcomes with the global objective
of improving the outcomes for patients with CSM treated sur-
gically by better understanding the potential impact of cervi-
cal deformity/alignment on myelopathy.

MATERIALS AND METHODS

Subjects

This study was a post hoc analysis of prospectively collected
data from the AOSpine North America CSM Study, which
included 302 patients surgically treated for CSM from 12
sites across North America.'*> For the original prospective
study, consecutive patients were offered enrollment between
December 2005 and September 2007; only a small number
declined to participate. All contributing centers were members
of SpineNet, an AOSpine North America consortium dedi-
cated to research of spinal disorders. Key database inclusion
criteria were as follows: age 18 years or older, symptomatic
CSM (with clinical signs of myelopathy), MRI or computed
tomography-myelography demonstrating cervical spinal cord
compression, no prior surgical treatment of CSM, and no
symptomatic lumbar stenosis. A standardized list of comor-
bidities was assessed for each patient enrolled, including the
presence of diabetes (see Supplementary Digital Content Table
1, available at http:/links.lww.com/BRS/A833). Subjects for
this study were selected only if they had preoperative MRI in
DICOM format that showed the spinal levels from C2 to T1
and preoperative upright sagittal cervical spine radiography
in the neutral position. Institutional review board approval
was obtained at University of Virginia.

Health-Related Quality-of-Life Measures

All data from the original prospective study were collected
using standardized forms and questionnaires. Demographic
parameters included age and sex. Health-related quality-of-
life (HRQOL) scores were assessed using a variety of instru-
ments, including the modified Japanese Orthopedic Associa-
tion (mJOA) scale?® and the Neck Disability Index (NDI).?*

Demographic Characteristics of
Population (N = 56) and Mean

Preoperative Health-Related
Quality-of-Life Scores

Parameter Mean = SD Range [min; max]

Age, yr 554 *+12.3 [31; 82]

Duration of 27.7 + 43.0 [1; 240]
symptoms, mo

mJOA score 13229 [5; 18]

NDI score 40.9 = 20.6 [0; 90]

max indicates maximum; min, minimum; mJOA, modified Japanese
Orthopedic Association; NDI, Neck Disability Index.
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c2-¢C7
Cobb angle

Figure 1. Lateral cervical spine radiograph with illustration of key ra-
diographical measurements. SVA indicates sagittal vertical axis.

Radiographical Measurements

Radiographical parameters were measured using the SpineV-
iew software (Laboratory of Biomechanics, ENSAM, Paris,
France; Figure 1). Calibration for linear measurements was
directly calculated from the information contained within
the DICOM tags that accompanied images from each con-
tributing institution. Digitalization of each vertebral endplate
on coronal and sagittal radiographs, as well as the posterior
walls of the vertebral bodies from T1 to C2 and the 2 external
auditory canals on sagittal radiographs, permitted calculation
of the following radiographical parameters.>*

e Sagittal parameters:

o Sagittal vertical axis (SVA): horizontal offset between
a chosen plumbline and the posterosuperior corner of
C7. Measured using plumblines from the barycenter of
C1 (C1-C7 SVA), the barycenter of C2 (C2-C7 SVA),
and the center of gravity of the head, taken as the mid-
point of the line between the 2 external auditory canals
(center of gravity—C7 SVA)

Spine
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Figure 2. Example of 3D spinal cord reconstruction technique. On the
basis of the information contained in the DICOM files (i.e., DICOM
tags), 4 X 4 transformation matrices were calculated to transpose the
2D original contours [2Dc] (A) into 3D contours [3Dc] (B). A 3D spline
passing through the barycenter of each 3D contour was created to de-
fine the local orientation of the spinal cord (C). Each 3D contour [3Dc]
was then projected onto a plane originating at its barycenter and per-
pendicular to the 3D spline. The external envelope of the spinal cord
was defined by a set of 100 vertical splines passing through the edge of
each 3D contour (D). 2D indicates 2-dimensional; 3D, 3-dimensional.

o C2 tilt: the angle between the posterior aspect of C2
(dens) and the vertical; (—) for posterior inclination
and (+) for anterior inclination

o C2 slope: angle between the inferior endplate of C2
and a horizontal reference line

o C7 slope: angle between the superior endplate of C7
and a horizontal reference line

o T1 slope: angle between the superior endplate of T1
and a horizontal reference line

o C2-C7 Cobb angle: sagittal cervical curvature from
C2 to C7, using the Cobb method; (+) for lordosis
and (—) for kyphosis

o C2-C7 Harrison angle: sagittal cervical curvature

from C2 to C7, using Harrison method,?; (+) for lor-

dosis and (—) for kyphosis

T1 slope minus C2—-C7 Cobb angle

T1 slope minus C2-C7 Harrison angle

Posterior length: summation of the lengths of the pos-

terior aspects of the vertebral bodies and disk heights

from the inferior endplate of C7 to the inferior end-
plate of C2

Anterior length: summation of the lengths of the ante-

rior aspects of vertebral bodies and disk heights from

the inferior endplate of C7 to the inferior endplate of C2

o Anterior length/posterior length: anterior length
divided by posterior length

[e]

[e]

[e]

S$163

www.spinejournal.com

Copyright © 2013 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



INFLUENCE OF SPINAL DEFORMITY ON MANAGEMENT AND
NTONEH OuTCOME OF CERVICAL SPONDYLOTIC MYELOPATHY

Radiographical and Morphometric
Assessment of CSM © Smith et al

e Coronal parameters:

e C2-C7 coronal Cobb angle: coronal curvature from
C2 to C7, using the Cobb method

e C2-C7 plumbline: horizontal offset between a plum-
bline dropped from the barycenter of the C2 vertebral
body and the center of the inferior endplate of C7,
with (+) and (=) values reflecting offset to the right
and left, respectively.

MRI Measurements

Preoperative magnetic resonance images were loaded into a
custom version of Surgimap Spine (Nemaris Inc., New York,
NY). Calibration for linear measurements was directly calcu-
lated from the information contained within the DICOM tags
that accompanied images from each contributing institution.
The external border of the spinal cord was outlined from C2
to T1, based on T2-weighted images, with reference to other
available corresponding axial image sequences to help miti-
gate the potential augmentation effects of MRI that can lead
to overestimation of compression. Although the number of
contours (i.e., measurements) used to define the spinal cord
for each patient was dependent on the MRI slice thickness
and interval, analysis for each subject included at a minimum
1 contour per intervertebral disc and 2 contours per vertebral
level. The coordinate of each digitalized point of each contour
was then exported to a dedicated Matlab (MathWorks Inc.,
Natick, MA) function, and the following calculations were
performed for each patient:

e Three-dimensional (3D) reconstruction of the spinal
cord:

o On the basis of the information contained in the DI-
COM files (i.e., DICOM tags), 4 X 4 transformation
matrices were calculated to transpose the 2-dimen-
sional original contours (Figure 2A) into 3D contours
(Figure 2B) (i.e., from the image coordinate system to
the patient coordinate system).

o A 3D spline passing through the barycenter of each 3D
contour was created to define the local orientation of
the spinal cord (Figure 2C).

o Each 3D contour was then projected onto a plane orig-
inating at its barycenter and perpendicular to the 3D
spline.

o Finally, the external envelope of the spinal cord was
defined by a set of 100 vertical splines passing through
the edge of each 3D contour (Figure 2D).

¢ Spinal cord measurements:

o For each 3D contour slice, the following parameters
were calculated: cross-sectional area, anteroposterior
distance, and lateral distance.

o Using an integration method, the volume of the spinal
cord and the surface area of the external envelope were
calculated from the C2-C3 disc to the C7-T1 disc.

o In an effort to take into account variability in size be-
tween patients, MRI measurements were then normal-
ized by dividing the length of the upper endplate of C7.

S164

www.spinejournal.com

Sagittal Radiographical Measurements

Parameter Mean = SD | Range [min; max]
C2-C7 SVA, mm 323 =145 [6.4; 69.1]
C1-C7 SVA, mm 34.0+x16.3 [4.0; 75.7]
Center of gravity-C7SVA, | 337 =204 | 1-10.7; 82.0]
C2 tilt,° 11.5 9.4 [—7.5;31.8]
C2 slope,® 22.1+95 [—2.3; 42.3]
C7 slope,® 27.4*+11.0 [4.3; 53.7]
T1 slope,® 30.3+99 [10.7; 53.7]
C2-C7 Cobb angle,’ 6.5+ 11.7 [—18.7; 26.3]
C2-C7 Harrison angle,” 13.2 £12.4 [—14.0; 38.7]
m gé%%ea?igrl‘;i €27 23.8+94 [-2.2; 41.7]
”éﬁﬂio":;‘;’;lg‘o 170108 | [-3.8;42.4]
Posterior length, mm 102.0 = 9.8 [80.6; 126.3]
Anterior length, mm 104.6 = 10.4 [85.0; 133.6]
Anlterior length/posterior 1.026 + 0.037 [0.95; 1.09]
ength
C2-C7 angles are (+) for lordosis and (—) for kyphosis.
max indicates maximum; min, minimum; SVA, sagittal vertical axis.

Data Analysis

Descriptive statistics were calculated for demographic char-
acteristics, HRQOL scores, and radiographical and MRI
parameters. Pearson correlations were calculated between the
HRQOL instruments and between the HRQOL scores and
sagittal radiographical measurements and MRI parameters.
Correlations within radiographical parameters and within
MRI parameters were also calculated, as were correlations
between these 2 sets of measurements. Finally, patients were
stratified on the basis of whether their C2-C7 Cobb angle
demonstrated kyphosis or lordosis. Differences between the
2 groups in MRI parameters were assessed, and correlations
between HRQOL scores and MRI parameters within each
group were calculated. Results were considered significant at
P < 0.05.

RESULTS

Subjects

A total of 56 subjects from the CSM database met the inclu-
sion criteria for this study (Table 1). The average age of the
included patients was 55.4 years, and 60.7% of the sample
was male (n = 34). The mean duration of symptoms prior to
surgical intervention was 27.7 months.

HRQOL Measures
The mJOA scale ranges from 0 (worst) to 18 (best); no subject
reported a preoperative score lower than 5, and only 3 patients
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Coronal Radiographical Measurements

Parameter Mean = SD | Range [min; max]

C2-C7 plumbline
(absolute value), mm

C2-C7 coronal Cobb
angle (absolute value),®

39+43 [0.0; 22.8]

32*32 [0.2; 16.6]

max indicates maximum; min, minimum.

reported a score of 18. The NDI scale ranges from 0 (best) to
100 (worst); 2 subjects reported a preoperative score of 0, and
no subjects reported a score of 100. The average preoperative
HRQOL instrument scores for the 56 subjects in this study
were 13.2 (SD = 2.9) for the mJOA score and 40.9 (SD =
20.6) for the NDI (Table 1). The NDI correlated significantly
with mJOA (r = —0.386, P < 0.01). Neither the mJOA score
nor the NDI correlated significantly with the duration of
symptoms or any comorbidities in the data set, including the
presence of diabetes.

Radiographical Analysis

Preoperative radiographical measurements in the sagittal and
coronal planes are summarized in Tables 2 and 3. The mean
C2-C7 SVA for the entire group was 32 mm, and the mean
C2-C7 cervical lordosis was 6.5° when measured by the Cobb

Correlations Between mjJOA

Scores and Sagittal Radiographical

Summary of Spinal Cord Magnetic

Resonance Imaging Measurements

Range
Parameter Mean = SD [min; max] Cv
[65.29;
Length, mm 83.38 = 8.30 101.45] 0.10
3 3801.83 = [1422.06;
Volume, mm 1274.60 7653571 | 03
227791 = [1545.71;
2 ’
External area, mm 401.92 3085.20] 0.18
[17.63;
2 ’
Mean CS area, mm 45.56 = 13.50 91.20] 0.30
Mean APdist, mm 5.17 = 0.98 [2.87; 8.67] 0.19
Mean LATdist, mm 11.18 £ 1.36 [7.94;13.77] | 0.12
APdist indicates anteroposterior distance; CS Area, cross-sectional area; CV,
coefficient of variation (defined as SD/mean); External area, external surface
area; LATdist, lateral distance; max, maximum; min, minimum.

method and 13.2° when measured by the Harrison method.
Kyphotic alignment of the cervical spine was observed in
30% of the patients.

The mJOA score was found to correlate negatively with
C2-C7 SVA (r = —0.282, P = 0.035) and C1-C7 SVA
(r=—0.286, P = 0.033), as well as with C2 tilt (r = —0.272,
P =0.043) and C2 slope (r = —0.281, P = 0.036). The mJOA
score also correlated weakly with T1 slope minus C2-C7
Cobb angle (r = —0.234, P = 0.083). The mJOA score was

Parameters not found to correlate significantly with center of gravity—C7
Pearson SVA, C2-C7 Cobb angle, or the posterior or anterior length of
Parameter Correlation p the spinal column. A summary of correlations between mJOA
scores and sagittal radiographical parameters is provided in
C2-C7 SVA, mm —0.282% 0.035 Table 4. The NDI was found to correlate negatively with the
C1-C7 SVA, mm —0.286* 0.033 anterior length of the spinal column (r = —0.274, P = 0.022),
Center of gravity—-C7 SVA, mm —0.207 0.125
C2 tilt,° —0.272* | 0.043 Magnetic Resonance Imaging
C2 slope,® —0.281* | 0.036 Measurements Normalized by the
C7 slope,” 0191 | 0158 Size of the Superior Endplate of C7
, Measured on Sagittal Radiograph
T1 slope,® —-0.176 0.194 5 grap
o Range [min;
C2-C7 Cobb angle, 0.040 0.770 Parameter Mean = SD max] v
C2-C7 Harrison angle, 0.045 0.742 N_Length 412+ 045 | 1291525 | 0.11
T1 slope minus C2-C7 Cobb angle, -0.234 0.083 N_Volume 0.46 + 018 0.15:1.021 | 039
T1 slope minus C2—C7 Harrison angle, -0.213 0.116 N_External area 563 + 130 [2.85; 9.46] 0.23
Posterior length, mm 0.185 0.172 N_Mean CS area 0.11+0.04 | [0.04;023] | 0.35
Anterior length, mm 0.197 | 0.146 N_Mean APdist 025 +0.05 | [0.16;042] | 0.20
Anterior length/posterior length 0.060 0.662
g poeTIor eng N_Mean LATdist 055+ 009 | [0.38,0.88] | 0.16
C2-C7 angles are (+) for lordosis and (—) for kyphosis. APdist indicat } rerior dist cs vional
. . . P . ISt indicates anteroposterior aistance; area, cross-sectional area,
mJOA indicates modified Japanese Orthopedic Association; SVA, sagittal CV, coefficient of variation (defined as SD/mean); External area, external
vertical axis. surface area; LATdist, lateral distance; max, maximum; min, minimum; N,
*P < 0.05. normalized.
Spine www.spinejournal.com  S165
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but it was not found to correlate significantly with any other
radiographical parameters (Supplementary Digital Content
Table 2, available at http:/links.lww.com/BRS/A833).

Within the radiographical parameters, C2-C7 SVA corre-
lated with T1 slope minus C2-C7 Cobb angle (r = 0.568,
P < 0.001), as well as with the anterior (r = 0.231, P =
0.043) and posterior (r = 0.251, P = 0.031) lengths of the
cervical spine (see Supplementary Digital Content Table 3,
available at http:/links.lww.com/BRS/A833). In addition, the
anterior length of the cervical spine correlated with C2-C7
Cobb angle (r = 0.316, P = 0.009) and the posterior length of
the cervical spine (r = 0.932, P < 0.001). The ratio between
the anterior and posterior lengths of the cervical spine demon-
strated correlation with the following:

e C2itilt (r = —0.322, P < 0.05)

e C2,C7,and T1 slopes (r = —0.544, 0.577, and 0.628;
all Ps < 0.001)

e (C2-C7 Cobb angle (r = 0.968, P < 0.001) and C2-C7
Harrison angle (r = 0.852, P < 0.001)

S166
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Figure 3. lllustration of 2 patients with identical
mJOA scores (13) and similar radiographical align-
ment. Although the orientations of their spinal cords
appear similar, 3D analysis reveals that their spinal
cord morphologies differ. The patient on the left has
a larger standardized cord length (4.81 vs. 4.08)
and standardized external cord surface area (6.63
vs. 6.12), but the patient on the right has a larger
standardized mean cord area (0.15 vs. 0.11) and
standardized mean volume (0.61 vs. 0.55).

e T1 slope minus C2-C7 Cobb angle (r =
P < 0.001).

—0.535,

MRI Analysis

Preoperative MRI measurements (Table 5) revealed that more
variability existed among patients for spinal cord volume
than for spinal cord length, as measured by the coefficient of
variation (SD/mean). This finding was also demonstrated for
the normalized spinal cord measurements (Table 6).

Within the MRI measurements, cord volume correlated
with cord length (r = 0.472, P < 0.001) and cord average
cross-sectional area (r = 0.957, P < 0.001) (see Supplemen-
tary Digital Content Table 4, available at http:/links.Iww.
com/BRS/A833). Between MRI and radiographical measure-
ments, the only significant correlations involved the anterior
and posterior cervical spine lengths as measured on radiop-
graphs: with MRI cord length (anterior: 7 = 0.663, P < 0.001;
posterior: » = 0.751, P < 0.001), cord volume (anterior: 7
= 0.458, P < 0.001; posterior: r = 0.425, P < 0.01), and
mean cord cross-sectional area (anterior: 7 = 0.289, P < 0.05;
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Figure 4. lllustration of MRI and radiographical mea-
surements for 2 patients with different cervical align-
ment. The patient on the left has a cervical kyphosis
(23°) associated with a C2—-C7 SVA of 3 cm and an
mJOA score of 10. The patient on the right has a
cervical lordosis (29°), with a C2—C7 SVA of 1.3 cm
and an mJOA score of 17. The comparison of nor-
malized MRI parameters revealed that the patient in
kyphotic alignment has a shorter spinal cord and a
smaller cross-sectional area. MRI indicates magnetic
resonance imaging.

posterior: r = 0.228, P < 0.05). As illustrated in Figure 3,
patients with similar radiographical parameters and mJOA
scores can have very different MRI parameters.

On the basis of the full set of data, no correlations were
found between MRI measurements of spinal cord length,
volume, mean cross-sectional area, or surface area and
HRQOL scores (see Supplementary Digital Content Table 3,
available at http:/links.lww.com/BRS/A833). Patients were
subsequently grouped on the basis of whether they demon-
strated a lordotic (n = 39, mean C2-C7 Cobb angle = 13°)
or kyphotic (n = 17, mean C2-C7 Cobb angle = —8°) cervi-
cal curvature (Table 7). There was no significant difference
in terms of NDI scores between patients with lordotic (mean
NDI = 39.8 + 17) and kyphotic (mean NDI = 43.2 + 27.3)
cervical spine alignment (P = 0.642). As shown in Table 8,
for patients with lordotic cervical spine, the mJOA score cor-
related positively with the normalized spinal cord volume
(r = 0.366, P = 0.022), normalized spinal cord external area

Spine

(r=0.399, P < 0.05), normalized mean cross-sectional spinal
cord area (r = 0.345, P = 0.031), and normalized mean lat-
eral distance (r = 0.402, P = 0.011). In contrast, for patients
with kyphotic cervical spine, the mJOA score correlated nega-
tively with the normalized spinal cord volume (r = —0.496,
P = 0.043), normalized mean cross-sectional spinal cord area
(r = —0.535, P = 0.027), and normalized mean lateral dis-
tance (r = —0.497, P = 0.043). Representative case examples
of lordotic and kyphotic cervical alignment and associated
MRI measurements and mJOA scores are shown in Figure 4.

DISCUSSION

To our knowledge, this is the first study to correlate cervi-
cal sagittal balance (C2—-C7 SVA) to myelopathy severity.
It is interesting to note that although cervical translational
alignment (C2-C7 SVA) was correlated to the mJOA score,
the cervical C2-C7 Cobb angle (lordosis/kyphosis) was not
correlated to the mJOA score. Previous work by Tang et al*
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Comparison of Cervical Curvature

Between Lordotic and Kyphotic

Groups
Range [min;
Group | Mean = SD max]
C2-C7 Cobb angle,® (Lr?f‘);; 128+72 | [1.0;26.3]
o | Kyphotic .
C2-C7 Cobb angle, =17 —8.0 £5.0 | [—18.7;, =0.1]

Correlations Between mJOA Scores
and Normalized Magnetic Resonance

Imaging Parameters for Patients With
Lordotic Cervical Spine and Those
With Kyphotic Cervical Spine

max indicates maximum; min, minimum.

correlated outcomes in patients undergoing posterior cervi-
cal fusion to the same C2—-C7 SVA parameter, although that
study contained only postoperative patients and represented
a mixed population of indications including primary cervi-
cal deformity. This finding would seem to substantiate the in
vitro work by Chavanne e al"* and others,'>'* who found
that increased cord intramedullary pressures were correlated
to increased cervical SVA. The study of Chavanne et al'* also
found increased prevalence of elevated cord pressures beyond
7.5° of kyphosis (38%) and beyond 21° of kyphosis (100%).

Although kyphosis was not correlated to mJOA scores in
this study of preoperative patients, we did find a moderate
negative correlation in kyphotic patients of normalized cord
volume and normalized cord cross-sectional area to mJOA
scores. It is very interesting to note that the opposite (posi-
tive correlations) was found for lordotic patients. The reason
for this difference is unclear, but both correlation values were
moderately strong. This unexpected finding raises many pos-
sible explanations that may serve as starting points for future
investigations. The difference suggests a relationship of nor-
malized cord volume to myelopathy that differs on the basis
of alignment. In addition, the nature of compressing material
(hard vs. soft) and the variability of vascular response to any
compression could also have a significant role in the develop-
ment of neurological sequelae.

Again, considering the previous work of Chavanne et al,'*
it seems reasonable to postulate that given some elasticity
and cord redundancy, morphological changes in the cord due
to kyphosis-induced tension would occur only after certain
threshold alignment values at which cord redundancy may be
exceeded and cord elasticity is maximized. Concomitant com-
pression due to osteophytes and other spondylotic changes
may also impact these threshold values in individual patients.

Alternatively, it is possible that these differences may result
from an as-of-yet unrecognized artifact of imaging or analy-
sis. For example, in kyphosis, the spinal cord is pushed anteri-
orly in the spinal canal, leading to anterior cord compression.
This compression could result in the opening of the anterome-
dian fissure that could artificially increase the apparent cross-
sectional volume.

By establishing these relationships in the preoperative con-
dition, without the variable of surgical intervention and out-
come, we can better understand the isolated effect of alignment
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Lordotic Group Kyphotic Group
(n = 39) n=17)
r P r P
N_Length 0.267 0.100 0.042 0.873
N_Volume 0.366* 0.022 —0.496* 0.043
N_External area 0.399* 0.012 —0.390 0.122
N_Mean CS area | 0.345* 0.031 —0.535* 0.027
N_Mean APdist 0.311 0.054 —0.391 0.121
N_Mean LATdist 0.402* 0.011 —0.497* 0.043

APdist indicates anteroposterior distance; CS area, cross-sectional area; Ex-
ternal area, external surface area; LATdist, lateral distance; mJOA, modified
Japanese Orthopedic Association; N, normalized.

*P <0.05.

and cord morphology on myelopathy. It seems that cervical
sagittal balance (C2—-C7 SVA) and normalized cord volume
and area will be the key parameters to investigate in evaluat-
ing the effect of alignment changes in the surgical treatment
of myelopathy. Furthermore, it seems that these morphologi-
cal parameters may have different correlations in myelopathic
patients with concomitant cervical deformity. Investigation
of the correlations between changes in these parameters and
mJOA scores may help demonstrate how alignment changes
impact the structure and function of the cervical spinal cord
in vivo.

Although this study does not demonstrate a correlation
between preoperative kyphosis and myelopathy severity,
previous reports have suggested potential impact of cervi-
cal kyphosis on myelopathy symptoms and outcomes with
surgery.” 1212627 Nakanishi et al”” and Kawaguchi et al*
describe case reports of patients with cervical kyphosis and
myelopathy resulting from primary dropped head syndrome
with extreme kyphotic angles that after surgical correction
show substantial improvement in myelopathy. Watanabe
et al’ reported a series of 12 young patients (ranging from 12 to
22 yr of age) with cervical flexion myelopathy that improved
after surgical correction. It is possible that the apparent link
between kyphosis and myelopathy symptoms in these reports,
which contrasts with the findings in the present study, may
reflect differing underlying pathologies, because the present
study focused specifically on adults with CSM and compres-
sive cord pathology.

Two previous reports have also noted a lack of correlation
between cervical kyphosis and severity of myelopathy among
patients with CSM. Uchida et al*® assessed 43 patients with
CSM and found no significant correlation between the preop-
erative kyphotic angle and the preoperative JOA score. They
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attributed this lack of correlation to the many potential con-
founding factors for each patient, including age, duration of
symptoms, irreversible changes in the spinal cord, and static
and dynamic canal stenosis including segmental instability
that could impact myelopathy severity.?®?® In a large series
of patients with CSM treated with laminoplasty (n = 103),
Kawakami et al'” found no difference in mean JOA scores at
follow-up among patients with lordotic, straight, or kyphotic
spine.

Although spinal cord dimensions did not correlate signifi-
cantly with mJOA scores, except when patients were stratified
on the basis of kyphotic versus lordotic alignment, a recent
report from Arvin et al'! does suggest that preoperative spinal
cord signal change on MRI correlates with neurological status
at baseline and preoperative recovery. Specifically, the authors
demonstrated that low T1 signal, focal increased T2 signal,
and segmentation of T2 signal changes were MRI indicators
of poorer outcomes.

The primary limitation of this study is the retrospective
design, although the data on which the study is based are
derived from a prospectively collected patient series. This
study includes only patients with CSM who were deemed sur-
gical candidates, and the protocol did not include dynamic
MRI studies, which could demonstrate compressive pathology
that may not be readily apparent on static images. In addition,
this study used assessment of cervical sagittal alignment based
on standing radiographs, whereas spinal cord measurements
were based on supine MRI studies. It is possible that differ-
ences in spinal cord morphology between the standing and
supine positions could have confounded the analyses in this
study; however, the scenario assessed (standing radiographs
and supine magnetic resonance images) reflects the clinical
assessment of CSM. Although not specifically assessed in this
study, it is also possible that segmental instability could con-
tribute to CSM. Because the prospective study on which these
data are based did not require upright sagittal imaging of the
spine beyond the cervical region, potential variables related
to thoracolumbar posture, which have recently been shown
to have potential impact on cervical alignment,® could be
assessed. Furthermore, it is important to recognize that this
work is an exploratory study and further studies will be nec-
essary to validate these results. Strengths of this study include
the novel quantitative techniques used for spinal cord assess-
ment, standardizing imaging analysis performed at a single
center, and the use of prospectively collected, multicenter
patient data.

CONCLUSION

CSM s the leading cause of spinal cord dysfunction world-
wide. To date, the correlations between cervical alignment,
sagittal balance, and myelopathy have not been well char-
acterized. This study is the first to correlate cervical sagittal
balance (C2—-C7 SVA) to myelopathy severity. It is interesting
to note that that sagittal balance but not kyphosis is tied to
myelopathy score. Although the cervical C2-C7 Cobb angle
(lordosis/kyphosis) was not correlated to mJOA scores, we
did find a moderate negative correlation in kyphotic patients

Spine

of normalized spinal cord volume and normalized cord
cross-sectional area to mJOA scores. Notably, the opposite
(positive correlation) was found for lordotic patients, suggest-
ing a relationship of normalized cord volume to myelopathy
that differs on the basis of sagittal cervical alignment. Further
study is warranted to establish the basis for these opposite
correlations. Establishing key threshold alignment values
beyond which correction of the deformity would result in
improved myelopathy outcomes will be the important focus
of future investigation.

Summary Statements. This is the first study to correlate
sagittal balance (C2-C7 SVA) to myelopathy severity. We
found a moderate negative correlation in kyphotic patients
of cord volume and crosssectional area to mJOA scores. The
opposite (positive correlation) was found for lordotic patients,
suggesting a relationship of cord volume to myelopathy that
differs on the basis of sagittal alignment.

> Key Points

O CSMis the leading cause of spinal cord dysfunc-
tion worldwide. Correlations between cervical
alignment, sagittal balance, and myelopathy have
not been well characterized.

U Novel techniques were developed to determine
in vivo spinal cord dimensions based on MRl and
applied and correlated to preoperative alignment,
myelopathy, and disability scores in patients with
CSM.

U This study is the first to correlate cervical sagit-
tal balance (C2—C7 SVA) to myelopathy severity
based on the mJOA score.

U More variability existed among patients for spinal
cord volume than for spinal cord length, as mea-
sured by the coefficient of variation (SD/mean).
This finding was also demonstrated for normal-
ized spinal cord measurements.

O Patients with cervical kyphosis had a moderate
negative correlation of normalized cord volume
and normalized cord cross-sectional area to
mJOA scores. The opposite (positive correlation)
was found for lordotic patients, suggesting a rela-
tionship of normalized cord volume to myelopa-
thy that differs on the basis of sagittal alignment.

Supplemental digital content is available for this article. Direct
URL citation appears in the printed text and is provided in the
HTML and PDF versions of this article on the journal's Web
site (www.spinejournal.com).
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