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Characterizing the Location of Spinal and Vertebral Levels in
the Human Cervical Spinal Cord

D.W. Cadotte, A. Cadotte, ). Cohen-Adad, D. Fleet, M. Livne, J.R. Wilson, D. Mikulis, N. Nugaeva, and M.G. Fehlings
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ABSTRACT

BACKGROUND AND PURPOSE: Advanced MR imaging techniques are critical to understanding the pathophysiology of conditions involving
the spinal cord. We provide a novel, quantitative solution to map vertebral and spinal cord levels accounting for anatomic variability within the
human spinal cord. For the first time, we report a population distribution of the segmental anatomy of the cervical spinal cord that has direct
implications for the interpretation of advanced imaging studies most often conducted across groups of subjects.

MATERIALS AND METHODS: Twenty healthy volunteers underwent a T2-weighted, 3T MRI of the cervical spinal cord. Two experts
marked the C3—C8 cervical nerve rootlets, C3—C7 vertebral bodies, and pontomedullary junction. A semiautomated algorithm was used to
locate the centerline of the spinal cord and measure rostral-caudal distances from a fixed point in the brain stem, the pontomedullary
junction, to each of the spinal rootlets and vertebral bodies. Distances to each location were compared across subjects. Six volunteers had
2 additional scans in neck flexion and extension to measure the effects of patient positioning in the scanner.

RESULTS: We demonstrated that substantial variation exists in the rostral-caudal position of spinal cord segments among individuals and
that prior methods of predicting spinal segments are imprecise. We also show that neck flexion or extension has little effect on the relative
location of vertebral-versus-spinal levels.

CONCLUSIONS: Accounting for spinal level variation is lacking in existing imaging studies. Future studies should account for this variation

for accurate interpretation of the neuroanatomic origin of acquired MR signals.

ABBREVIATION: PMJ = pontomedullary junction

dvanced MR imaging techniques of the human spinal cord

are critical to understanding the pathophysiology of condi-
tions such as traumatic injury, degenerative spondylosis, or neu-
roinflammatory conditions such as multiple sclerosis. These tech-
niques provide the opportunity to assess subclinical changes in
spinal cord structure and function. For example, diffusion tensor
imaging and magnetization transfer can be used to follow the
integrity of white matter tracts in specific regions of the human
spinal cord'; fMRI can be used to track the spinal response to a
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particular stimulus, reflecting the integrity of specific functional
circuits.” Recently, the microstructure of the corticospinal motor
pathway was mapped; imaging characteristics of this map corre-
lated with clinical function.” The ultimate goal of early detection
of subclinical recovery or deterioration should be to personalize
treatment strategies in both the acute and chronic phases of
injury.

A prerequisite to accurate interpretation of advanced imaging
data is appreciating the neuroanatomic origin of the acquired
signal. An imaging atlas brings prior spatial knowledge to an im-
aging dataset. Advanced brain imaging has benefited from the
design and improvement of brain atlases that allow registration of
various functional and structural imaging studies.*” Atlases of the
spinal cord are not as developed. Despite recent initiatives for
creating a generic template of the spinal cord,® most previous
templates have been created by individual research groups to meet
the objectives of specific studies. For example, manually seg-
mented templates have been created on the basis of specific ana-
tomic information of the nerve rootlet position.> Perhaps most
common is to infer neuroanatomic positions within the spinal
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cord by counting the adjacent vertebral bodies and stating that,
for example, the C6 spinal cord segment is adjacent to the C5
vertebral body.” This latter approach coincides with widely
accepted neuroanatomy textbooks, but the error associated
with vertebral body measurements to predict the immediate
caudal spinal cord segment has not been investigated. The di-
versity of human anatomy offers 2 principal sources of vari-
ability: 1) intersubject differences in spinal column anatomy,
and 2) intersubject differences in spinal cord segments relative
to a fixed point in the brain stem. The work presented here
considers these 2 sources of diversity across a cohort of healthy
individuals and presents a unique solution, a “spinal level
map,” which can be applied in advanced MR imaging assess-
ment of the human cervical cord.

In this work, we impart a neuroanatomic context to single-
subject high-resolution images of the cervical spine by delin-
eating the location of vertebral bodies and spinal cord seg-
ments down the central axis of the spinal cord. Thus, we
account for the personal anatomy of single subjects. Using
expert markings as ground truth data, we report the distribu-
tion of vertebral and spinal cord segments across our cohort of
20 subjects. To the best of our knowledge, this is the first article
that presents a quantitative, accurate solution to delineate the
anatomic variability of the human cervical spinal cord. We
anticipate that this approach will dramatically enhance the ac-
curacy of quantitative MR imaging—based assessment of the
normal and diseased spinal cord.

MATERIALS AND METHODS

Study Design

In this work, we investigated 20 healthy volunteers (7 men; mean
age, 30.5 years; range, 19-52 years) to delineate the segmental
structural anatomy of the human cervical spine. We describe the
spatial relationships of both intrasubject segmental anatomy and
intersubject differences in relative anatomic locations. Informed
consent was obtained in all cases, and approval to conduct this
work was granted by our institutional ethics review board. Demo-
graphic information of participants is listed in Table 1.

MR Imaging Acquisition

All imaging data were acquired on a 3T HDx MR imaging system
(GE Healthcare, Milwaukee, Wisconsin) at the Toronto Western
Hospital by using an 8-channel neurovascular array coil. Subjects
were carefully positioned to limit head movement and were re-
quested not to move. A T2-weighted acquisition was obtained to
optimize visualization of cervical nerve rootlets emerging from the
spinal cord in a segmental fashion. We used a FIESTA-C sequence
(T2-weighted): matrix, 512 X 512; NEX, 1.0; FOV, 200 mm; section
thickness, 0.3 mm resulting in a voxel size of 0.3906 X 0.3906 X
0.3000 mm, without interpolation, collected in the coronal plane.
Total scanning time was approximately 12 minutes.

In a subset of individuals (n = 6), we acquired 3 volumes: 1
in a neutral position, 1 in neck flexion, and 1 in neck extension.
Although neck flexion and extension are limited within the
confines of the imaging environment, we obtained roughly
6°-10° of either flexion or extension by placing extra padding
under the occiput (neck flexion) or under the shoulders (neck exten-
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Table 1: Demographic information of study participants

Participant No. Age (yr) Sex Height (cm)
1 32 F 163
2 44 M 181
3 28 F 168
4 47 M 170
5 23 F 7
6 52 F 170
7 3] F 157
8 29 M 182
9 21 M 179
10 34 F 164
n 25 F 175
12 22 F 186
13 19 M 180
14 27 F 173
15 22 M 162
16 28 F 159
17 34 F 169
18 30 F 168
19 25 F 176
20 36 M 174

sion). This range represents the normal positions that one might expect
in the imaging environment.

Measurements along the Spinal Cord Axis

To accurately measure distances from a common point in the
brain stem, the pontomedullary junction (PM]), to any set of
nerve rootlets or vertebrae along the spinal cord, we used custom
algorithms written in the Python language. First, the centerline of
the cord was estimated by using manual markings in 3DSlicer
(http://www.slicer.org/). These points were used as the initial
control points of a Catmull-Rom spline, representing the center-
line of the spinal cord.® A 2D template-matching algorithm, by
using ground truth data from several manually segmented spinal
cord images, was used to segment the cervical spinal cord. The
segmented volume was then used to determine a more precise
centerline, which became new control points for the spline. Using
the adjusted/centered spline, we identified the center point of
the spinal cord at all distances from the PM]J to the lower cer-
vical spinal cord, caudal to the C8 spinal cord segment, yielding
the spinal cord centerline. Using this centerline, we then defined the
arc-length axis of each individual’s spinal cord and used this axis to
perform measurements. Briefly, the arc-length axis can be defined as
the longitudinal distance from the pontomedullary junction down
the spinal cord. This reference system is unique in that it avoids the
use of a Cartesian (x, y, z) coordinate system, which would be less
accurate in defining distances down the spinal cord, given the varia-
tion in spinal curvature across individuals. The generation of this
arc-length central spinal cord axis is illustrated in Fig 1.

Nerve Rootlet and Vertebral Body Localization

We used the C3 through C8 spinal nerve rootlets as a surrogate
marker for the segmental anatomy of the spinal cord in an indi-
vidual subject. To determine the distance from the PM]J to each
set of spinal nerve rootlets, 2 individuals with specialized knowl-
edge of spinal cord anatomy manually marked the dorsal nerve
rootlets of segments C3—C8 at the edge of the spinal cord where
the rootlets meet the CSF by using 3DSlicer. To perform these



markings, we visualized the spinal cord and cervical nerve rootlets
in 3 planes (axial, sagittal, and coronal) and followed these nerve
rootlets as they transition into cervical nerve roots and traverse
the respective intervertebral foramen. For example, the C3 nerve
rootlets transition into the C3 nerve root and emerge through
the intervertebral foramen between the C2 and C3 vertebrae.
After we confirmed that specific nerve rootlets had transitioned
from a specific nerve root, individual dorsal nerve rootlets were
marked in 3DSlicer. The most rostral and caudal extents of the
C3—-C7 vertebral bodies were also marked on a midsagittal section
of each subject. The selected nerve rootlet and vertebrae points
were then projected onto the spinal cord centerline by orthogonal
projection at the midpoint of the rostral and caudal extents of

=160.mm

=\ z2=120 mm

z =x mm from PMJ

FIG1. Results of spinal cord centerline extraction in 1subject. The red
line represents the spinal cord centerline. Distance from the PM] is
calculated along this centerline (z, in millimeters), for measuring the
absolute location of the vertebral and spinal levels.

either structure. A combination of MR images and artist illustra-
tion is used in Fig 2 to show how these markings were performed.

Interobserver Reproducibility in Identifying Cervical
Nerve Rootlets and Vertebral Bodies

The interobserver reliability of both nerve rootlet and vertebral
body measurements was assessed by obtaining the intraclass cor-
relation coefficient values comparing the assessments of 2 inde-
pendent observers. These coefficients were obtained by using a
2-way mixed-effects model in the SPSS statistics package, Version
21 (IBM, Armonk, New York).

Are Vertebral Bodies a Reliable Surrogate Marker for
Spinal Cord Segments?

To determine whether vertebral bodies are a reliable surrogate
marker for spinal cord segments, we determined the amount of
overlap between the 2. This was accomplished by determining the
most rostral and caudal distances of the vertebrae and spinal cord
segment in question, relative to the PM]J, and calculating the per-
centage of the spinal cord segment that falls within the vertebral
segment area. For example, for 1 subject, the C6 vertebral body
lies at a distance between 116 and 128 mm from the PM]J. The C7
spinal cord segment for the same individual lies between 110 and 118
mm from the PM]J. The overlap in this case is 2 mm at the rostral end
of the vertebrae and caudal end of the spinal cord segment. The per-
centage overlap is calculated as overlap divided by the total length of
the vertebral body, in this case 2/12 mm, or 17%.

Does Patient Positioning within the MR Imaging
Environment Exacerbate Differences between Vertebral
and Spinal Cord Segments?

Patient positioning for neck flexion and extension is described
above. To calculate the degree of neck flexion or extension, we
compared the tangent of the spinal cord in the sagittal plane at 2
points along the spinal cord. In previous work, the angle was mea-
sured as the difference in vertebrae angles at C2 and C7.>'° The angle
between these 2 vertebrae is calculated by drawing a line parallel to
the posterior edge of the vertebral body, which runs parallel to the
spinal cord, and calculating the angle between those 2 lines.

rootlets

traversing
through
interyvertebral
foramen

FIG 2. From left to right: T2-weighted MR image with the PMJ and superior (Sup.) and inferior (inf.) endplates of the C3 vertebral body marked with
dashed white lines. Immediately adjacent to this, an artist’s illustration demonstrates how person-specific markings are positioned relative to the
individualized arc-length axis of the spinal cord (red line). Thus, distances can be compared across individuals along their personalized spinal cord axes.
The T2-weighted coronal image depicts spinal rootlets (A) and the gap between adjacent segmental rootlets (B), delineated by dashed white lines. The
far right artist’s illustration depicts segmental rootlets and the formation of a spinal nerve root that emerges from the intervertebral foramen. To
accurately localize segmental nerve rootlets, we followed the spinal nerve root that emerges from the intervertebral foramen of the respective vertebral body.
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Average Distance (+/- Standard Deviation, Minimum, Maximum) from the PMJ (N = 20 Subjects)

0.014
---- C3VB70.0(+/-4.6,55.3,84.7)
---- C4VB86.1(+/-5.4,72.3,104.6)
o ---- C5VB101.2 (+/- 6.3, 87.1, 118.6)
---~ C6VB115.5 (+/- 7.1, 99.7, 133.8)
C7 vB 130.1 (+/- 8.2, 111.6, 149.8)
— C3 NR51.5(+/-3.2,41.0,62.2)
0.010 C4 NR 65.7 (+/- 4.0, 53.8, 75.9)
C5NR 81.1 (+/- 5.1, 66.9, 94.6)
C6 NR 95.4 (+/- 5.7, 79.2, 109.1)
p— C7 NR 109.3 (+/- 6.0, 94.2, 125.2)
2 C8 NR 122.8 (+/- 7.0, 105.8, 140.3)
[
0.006
0.004
0.002
0.000

100
Distance from PMJ (mm)

FIG3. Nerverootlet (NR, solid lines) and vertebral body (VB, dashed lines) distributions across our cohort of 20 individuals. The x-axis of this line
graph represents the distance from the PMJ along the spinal cord axis, where zero is the PMJ and the increasing numbers are millimeter distances
down the curved axis of the spinal cord to the midpoint of either the vertebral body or spinal cord segment as demarcated by nerve rootlets.
The y-axis of the line graph represents the probability of finding either NR (solid line) or VB (dashed line) at a given distance down the curved
spinal cord. The spinal cord segments and vertebral bodies represented by the colored lines are shown in the graph inset as distances in
millimeters to the midpoint of either the vertebral bodies or spinal cord segments (as represented by nerve rootlets), projected orthogonally
onto the spinal cord centerline, SDs, and range. The rostral-caudal extent of nerve rootlets corresponding to each spinal segment was relatively
consistent across all spinal cord segments. The average length of spinal cord segments are the following: C3,10.5 mm; C4, 9.9 mm; C5,10.5 mm;

C6,9.7 mm; C7, 9.4 mm; and C8 9.6 mm.

Our method uses the spinal cord axis of each subject to measure
these angles rather than relying on manually drawing parallel lines.
We measured the angle of the tangent of the spinal cord axis at all
locations relative to an imaginary horizontal line that lies across the
sagittal plane. By subtracting any of these 2 points at different loca-
tions along the spinal cord, we are able to attain the relative angle.

To determine whether patient positioning within the MR im-
aging environment (slight neck flexion or extension) has an effect
on the discrepancy between vertebral and spinal cord segments,
we compared this discrepancy across neutral, flexion, and exten-
sion conditions. Vertebral-spinal discrepancy is defined as the
difference between the midpoint of a given spinal and vertebral
segment along the arc length of the spinal cord axis, reported in
millimeters. Taken alone, this measurement is expected to vary
across both segmental level and subject. However, if neck flexion
or extension has no effect on the discrepancy between vertebral
and spinal cord levels, then the difference between flexion and
extension markings should be similar to the difference associated
with independent observers marking vertebral and spinal cord
segments across subjects. To this effect, we report each of the
following: 1) the vertebral-spinal discrepancy reported for each
segmental level, in millimeters, across 2 independent observers; 2)
the vertebral-spinal discrepancy between neutral and flexion po-
sitioning; and 3) the vertebral-spinal discrepancy between neutral
and extension positioning. In all cases, the mean and SD across all
study participants are reported.
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RESULTS

The adult human spinal cord is roughly the shape of a curved
cylinder that extends from the cervicomedullary junction at the
foramen magnum to approximately the level of the first lumbar
vertebral body. The cervical spinal cord typically follows the slight
lordotic curvature of the bony spinal column (the convexity of the
curve points anteriorly and the concavity points posteriorly), but
this varies among individuals. To account for this variability, we
measured distances (arc length in millimeters) down the spinal
cord from a fixed point in the brain stem, the PMJ, of 20 healthy
volunteers. Figure 1 illustrates the result of spinal cord centerline
extraction, for 1 subject, from the T2-weighted volume.

Imparting Neuroanatomic Context to Spinal Imaging
To provide neuroanatomic context to each individual’s spinal im-
ages, we manually marked the position of vertebral bodies and
segmental nerve rootlets as they emerged from the spinal cord;
this is illustrated in Fig 2. The common thread among all individ-
ual datasets is the personalized spinal cord axis originating at the
PM]J and continuing down the spinal cord. By conducting mea-
surements along this personalized axis, we could compare the
distribution of vertebral body and segmental rootlet positions
down the rostral-caudal length of an individual’s spinal cord with
others in our cohort.

There are distinct gaps in the position of cervical nerve rootlets
(see the MR image and illustration in Fig 2), a natural boundary



Vertebrae and Nerve Rootlet Layout (N = 10 Subjects)
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FIG 4. Vertebral body and spinal cord segment location across 10 subjects enrolled in this study. Vertebral bodies are represented for each
subject by light-shaded bars, whereas spinal cord segments are represented by colored bars (see graph inset).

for segmental information before the predominant somatotopic
representation in the brain. The distribution of the C3 through C8
spinal cord segments along the curved spinal cord axis is shown as
solid lines and reported within the graph inset in Fig 3. A second,
independent observer marked a subset of datasets (1 = 15) yield-
ing an interclass correlation coefficient of 1.0, P < .01, indicating
the high degree of reproducibility with which a qualified individ-
ual can identify segmental nerve rootlets.

The distribution of vertebral bodies along the curved longitu-
dinal spinal cord axis is shown as dashed lines and is reported in
the graph inset in Fig 3. A second, independent observer marked a
subset of datasets (n = 15) yielding an interclass correlation coef-
ficient of 1.0, P < .01, indicating the high degree of reproducibility
with which a qualified individual can identify the vertebral bodies.

The rostral-caudal extent of nerve rootlets corresponding to
each spinal segment was relatively consistent across the C3
through C8 spinal levels. The rostral-caudal length of rootlet
groups are the following (mean): C3, 10.5 * 2.2 mm; C4, 9.9 *
1.3 mm; C5,10.5 = 1.5 mm; C6,9.7 = 1.6 mm; C7,9.4 = 1.4 mmy;
and C8, 9.6 = 1.4 mm.

Accounting for Interindividual Differences in Spinal
Anatomy

The results presented above and illustrated in Fig 3 provide a
neuroanatomic context to spinal imaging. The differences among
individuals have implications for imaging studies conducted
across a cohort of subjects; to account for these differences and

improve the accuracy with which interpretations are drawn from
imaging studies, we next considered the effect of using vertebral
bodies as a surrogate for spinal segments and whether patient
positioning within the MR imaging environment can exacerbate
differences between vertebral and spinal cord segments.

Are Vertebral Bodies a Reliable Surrogate Marker for Spinal Cord
Segments? Given the heterogeneity in spinal column and spinal
cord anatomy across even a small sample of the human popula-
tion, we illustrate how this might affect the spatial interpretation
of imaging data by using the vertebral bodies as a rough indication
of spinal cord segmental anatomy; this is illustrated in Fig 4,
showing a subset of 10 subjects. As a first approximation, we il-
lustrate the effect of assuming that a certain vertebral body is
immediately adjacent to the corresponding spinal cord segment
(eg, the C7 vertebral body is adjacent to the C7 spinal segment). If
we apply this methodology to all 20 subjects in this study, then 0%
of the C7 spinal cord segment volume is captured in the selected
range. The root-mean-square error between locations of the su-
perior endplate of the vertebral bodies and their corresponding
spinal cord segments, averaged over 20 subjects and 5 groups of
nerve rootlets (C3—-C7), is 20.33 mm.

Neuroanatomic textbooks suggest that a more accurate land-
mark for predicting spinal cord segments is using the vertebral
body rostral to the given spinal cord segment.'" This assumes, for
example, that the C7 spinal cord segment lies adjacent to the C6
vertebral body. Using the same 10 subjects shown in Figs 4 and 5
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Scaled Placement of C7 Nerve Segment (Individual Bars)
and C6 / C7 Vertebrae (Solid Wide Bars) for 10 Subjects
- Total Overlap w/ C6 / C7 Vertebrae: 33% / 0%
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FIG5. Left: scaled relative distance of the C7 spinal cord segments (red bars) from the Cé (upper
light-brown-shaded area) and C7 (lower light-brown-shaded area) vertebral bodies. When we
visualize an individual’s cervical spine MR imaging, we tend to hold the vertebral bodies constant.
This figure illustrates that the position of the seventh cervical spinal cord segment varies relative
to the position of the vertebral body across a cohort of individuals. If one were to assume that
the C7 spinal segments are immediately adjacent to the C7 vertebral body, then 0% of the actual
segments would be captured in such an analysis. Similarly, if one were to assume that the C7 spinal
cord segments are 1vertebral body length rostral to the C7 body, then one would capture 33% of
the corresponding spinal segments for the 10 subjects shown, or 44% of the corresponding spinal
segments across all 20 subjects. Depending on the goals of the imaging experiment, one should
pay careful attention to the relative position of spinal segments and vertebral bodies across a
cohort of individuals. Assuming that spinal segments are constant may lead to false-positive or
false-negative results. Right: an artist’s depiction shows the range in spinal cord segments relative
to the vertebral bodies; light-shaded areas represent areas of population level overlap.

If the patient is positioned in slight
flexion, the vertebral-spinal discrepan-
cies are as follows: C3, 1.3 mm; C4, 0.7
mm; C5, 1.2 mm; C6, 0.8 mm; and C7,
1.9 mm.

If the patient is positioned in slight
extension, the vertebral-spinal discrep-
ancies are as follows: C3, 1.4 mm; C4, 0.7
mm; C5, 1.0 mm; C6, 1.0 mm; and C7,
1.0 mm.

These results are summarized in
Table 2. They suggest that flexion or ex-
tension that is possible within the con-
fines of the MR imaging environment
and measured to be between 10° and
15° (Fig 5) does not affect the relative
positions of vertebral and spinal cord
segments.

DISCUSSION

In this work, we characterized the loca-
tion of spinal and vertebral levels in hu-
mans and addressed the intersubject
variability, which is a current limitation
in spinal cord MR imaging studies.'* To
perform this characterization, we used
the longitudinal axis of the brain stem—

illustrates that 33% of the intended spinal cord segment would be
captured in the targeted volume. Using all 20 subjects studied,
449% of the intended spinal cord segment volume would be cap-
tured in the targeted volume. The root-mean-square error be-
tween locations of spinal cord segments and the superior endplate
of the vertebral body rostral to the corresponding spinal cord
segment in this case is 3.39 mm for all 20 subjects. We also note
that root-mean-square error depends on the subject, ranging
from 0.86 to 6.42 mm among the 20 subjects.

Does Patient Positioning within the MR Imaging Environment
Exacerbate Differences Between Vertebral and Spinal Cord
Segments? A subset (n = 6) of our initial cohort underwent im-
aging in slight neck flexion (by placing an extra cushion under the
occiput) and slight neck extension (by placing an extra cushion
under the shoulders) to determine the effect of patient position-
ing on the discrepancy between vertebral level and spinal seg-
ments. Measurements of flexion and extension from a neutral
position are shown in Fig 6, illustrating that positioning with an
extra cushion results in roughly 10°-15° of flexion or extension
from a neutral position.

Vertebral-spinal discrepancy varies substantially across sub-
jects as is illustrated in Fig 4. However, the discrepancy can be
compared either within a subject in neutral position (to deter-
mine the error associated with marking vertebral and spinal seg-
ments) or within a subject between neutral and either flexion or
extension positions. The error associated with determining verte-
bral-spinal discrepancy varied across spinal levels and was the
following: C3, 1.0 mm; C4, 1.3 mm; C5, 1.3 mm; C6, 0.9 mm;
and C7, 1.1 mm.
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spinal cord to perform measurements,
therefore accounting for the unique anatomy of a single subject. A
detailed understanding of a single subject’s anatomy is an impor-
tant aspect of using advanced MR imaging—based metrics
(such as diffusion- or magnetization transfer—based measure-
ments) to refine the diagnosis of spinal cord pathology and follow
the effect of novel therapeutic agents. For example, it has been
demonstrated that any incremental preservation of axons after
traumatic injury to the spinal cord results in a concomitant and
exponential increase in clinical function.'? With novel treatment
strategies aimed at either neuroprotection or remyelination of
axons, it will be extremely beneficial to use MR imaging—based
biomarkers to follow the degree of change to the spinal cord struc-
ture and function in the appropriate anatomic region. Visualizing
these changes may aid in the design of more efficient clinical trials
and the ability to test a greater number of novel therapeutic agents
within a limited patient population.'*'> On the basis of user-
defined markings of segmental nerve rootlets as ground truth
data, we identified the position of spinal segments relative to the
PMYJ. For the first time, we report a population distribution of the
segmental anatomy of the cervical spine and demonstrate that
substantial variation exists in the rostral-caudal position of spinal
cord segments among individuals.

Limitations of this work include the fact that measurements
were obtained from a relatively small sample size of healthy con-
trols. While this number of subjects is adequate to establish the
fact that differences exist between individuals, adding a greater
number of subjects of different ages and ethnic backgrounds and
including those with pathologies of the spinal column would be a
welcome addition in future works.
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FIG 6. Automated analysis of the degree of neck flexion/extension of a subject. Top: the angle
between the tangent of the spinal cord at any point and tangent at the C7 vertebral body for 1
subject with the neck in flexion (red) and extension (blue). Bottom: the difference between the
flexion and extension curves or the maximum extent of curvature of the spinal cord at various
locations down the longitudinal axis of the spinal cord (x-axis). VB indicates vertebral body; deg,

degree; deg diff, degree difference.

Table 2: Vertebral-spinal discrepancy reported in neutral
Hosition across 2 independent observers, between neutral and
exion positions and neutral and extension positions®

C3 C4 C5 C6 7

Neutral position across 2 independent 1.0 13 13 09 11
reviewers (mm)
Neutral flexion (mm) 13 07 12 08 19
Neutral extension (mm) 14 07 10 10 10
2 Results are reported in millimeters. These results suggest that flexion or extension

that is possible within the confines of the MR imaging environment does not affect
the relative positions of vertebral and spinal cord segments.

Accounting for this variation will be paramount to accurate
interpretation of the neuroanatomic origin of acquired MR sig-
nals in future imaging studies. This especially holds true for func-
tional MR imaging studies that are challenging due to the low
sensitivity for studying single subjects (notably due to a low sig-
nal-to-noise ratio and high physiologic noise), and by the intrin-
sic variability of spinal rootlet locations that hamper the use of
grouped data. This argument is supported by a previous fMRI
study on cats, which showed high interanimal variability on the
rostrocaudal location of the blood oxygen level-dependent signal
relative to the vertebral level, when stimulating the same periph-
eral nerve.'®

After providing a neuroanatomic context to spinal imaging
data, we then addressed 2 important concepts to account for in-
terindividual variation in imaging studies conducted across a
group of subjects: 1) the effect of using vertebral bodies as a sur-
rogate for spinal segment location, and 2) the effect of patient

ment is quite imprecise. The percentage
volume overlap between, for example,
the C6 vertebral bodies and C7 spinal
cord segments is only 44%, by using all
20 subjects. We also investigated the ef-
fect of subject positioning (ie, neck flex-
ion or extension) on the discrepancy
between vertebral and spinal cord seg-
ments. Fortunately, this effect was relatively small as outlined in
Table 2. This has important clinical implications because subject
positioning can sometimes be imposed by the clinical condition.

CONCLUSIONS

Remarkable advances have been made during the past decade
allowing improved imaging of the human spinal cord.'>'® The
development of methods to manage the hostile imaging environ-
ment and to account for cardiorespiratory-related motion has
allowed improved applications to detect structural (such as diffu-
sion and magnetization transfer imaging) and functional anom-
alies that occur in relation to traumatic injury of the spinal
cord.»>1%2° Other disorders, such as multiple sclerosis, have also
benefited from spinal cord imaging.>’ Degenerative spinal dis-
ease, such as cervical spondylosis, is an increasing health burden
due to the aging population.”* Advanced imaging tools stand to
play an important role in aiding with decision-making, such as the
optimal time to offer decompressive surgery to maintain neuro-
logic function before irreversible neurologic deficits are realized.
Future work in the realm of spinal segmentation must focus on
the neuroanatomic context of acquired images and use popula-
tion-based probability data to develop improved methods that
aim to identify segmental anatomy. Thus, the user may have to
only ensure the accuracy of the segmentation rather than manu-
ally identify each spinal rootlet as we did here. Such advances will
improve workflow and reduce postprocessing time. Ultimately,
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this neuroanatomic knowledge may be used for the delivery of

targeted therapeutics offering a regenerative strategy toward dam-

aged cell populations.
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