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Abstract
Objective—To determine the inter-relationships between MRI-defined lesion and atrophy
measures of spinal cord involvement and brain involvement and their relationships to disability in
a small cohort of patients with multiple sclerosis (MS).

Background—Although it is known that cervical spinal cord atrophy correlates with disability
in MS, it is unknown whether it is the most important determinant when compared to other regions
of the CNS. Furthermore, it is not clear to what extent brain and cord lesions and atrophy are
related.

Design/methods—3T MRI of the whole brain and whole spinal cord was obtained in 21
patients with MS, including 18 with relapsing-remitting, one with secondary progressive, one with
primary progressive, and one with a clinically isolated syndrome. Brain global gray and white
matter volumes were segmented with SPM8. Spinal cord contour volume was segmented in whole
by a semi-automated method with bins assigned to either the cervical or thoracic regions. All CNS
volumes were normalized by the intracranial volume. Brain and cord T2 hyperintense lesions were
segmented using a semi-automated edge finding tool.

Results—Among all MRI measures, only upper cervical spinal cord volume significantly
correlated with Expanded Disability Status Scale score (r=−0.515, p=0.020). The brain-cord
relationships between whole or regional spinal cord volume or lesions and gray matter, white
matter, or whole brain volume or whole brain lesions were generally weak and all non-significant.

Conclusions/relevance—In this preliminary study of mildly disabled, treated MS patients,
cervical spinal cord atrophy most strongly correlates with physical disability in MS when
accounting for a wide range of other CNS measures of lesions and atrophy, including thoracic or
whole spinal cord volume, and cerebral gray, white or whole brain volume. The weak relationship

CORRESPONDENCE: Rohit Bakshi, MD, FAAN, Brigham & Women’s Hospital, Harvard Medical School, Laboratory for
Neuroimaging Research, One Brookline Place, Suite 602, Brookline, MA 02445, USA, Tel: 617-732-6568, Fax: 617-732-6540,
rbakshi@bwh.harvard.edu.

NIH Public Access
Author Manuscript
J Neuroimaging. Author manuscript; available in PMC 2013 April 1.

Published in final edited form as:
J Neuroimaging. 2012 April ; 22(2): 122–128. doi:10.1111/j.1552-6569.2011.00589.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



between spinal cord and brain lesions and atrophy may suggest that they progress rather
independently in patients with MS.

Introduction
Multiple sclerosis (MS) produces both inflammatory and degenerative pathology of the
brain and spinal cord. The degenerative process has been demonstrated by both
histopathology and neuroimaging. Histologically, there is neuronal loss in the cortical and
deep gray matter (GM), axonal loss in white matter (WM) and similar changes in the
cervical and thoracic spinal cord.1–6 Neuroimaging shows CNS atrophy commonly affects
the cerebral gray and WM and the cervical spinal cord.1,7–10 However, it is still unclear
what is the relationship between the destructive processes in MS that affect the brain versus
the spinal cord. A growing body of evidence indicates that CNS atrophy correlates with
clinical disability in MS.11–12 This is in contrast to a relatively poor correlation between
conventional lesion-based imaging measures of MS disease activity and clinical disability.13

MRI volumetric studies have demonstrated correlations between disability and atrophy of
the whole brain, cerebral WM, cerebral GM, and cervical spinal cord.8,14–19

However, it is not yet clear which of these measures of lesions and atrophy, when compared
side-by-side, are most closely linked to disability. Although atrophy has been detected
throughout the CNS in MS patients, the relative clinical importance of atrophy in each CNS
subregion has not been elucidated. In particular, comparison of subregions of spinal cord
volume with brain volumes has yet to be performed. Thus, the relationship between clinical
disability and compartment-specific atrophy (of the cerebral gray and WM and subregions
of the spinal cord) is unknown.

The purpose of this study was to perform whole brain and spinal cord MRI at 3T to
determine (1) which aspects of generalized brain or cord lesions/atrophy are most closely
associated with physical disability and (2) the inter-relationships among brain and spinal
cord compartmental lesions and atrophy.

Methods
Subjects

General patient demographics and clinical measures are listed in Table 1. In total, 21
patients were included: 18 with relapsing-remitting (RR), one with secondary progressive
(SP), one with primary progressive (PP), and one with a clinically isolated syndrome (CIS)
as defined by the International Panel criteria.20 Nineteen of the 21 patients (90%) were
being treated with disease modifying agents at the time of enrollment. Of the treated
patients, 18 (86%) were on glatiramer acetate or a beta-interferon agent - one of these 18
patients was on both glatiramer acetate and interferon agent; another two of these 18 patients
were also on mycophenolate or daclizumab. One (5%) patient was on rituximab
monotherapy alone.

This Health Insurance Portability and Accountability Act (HIPAA)-compliant study
included approval by an institutional review board (IRB) and informed consent. MS patients
were enrolled consecutively from a community-based, university-affiliated MS clinic.
Within 1 month of MRI, MS disease course and clinical measures including the Expanded
Disability Status Scale (EDSS) score21 and timed 25 foot walk (T25FW)22 (Table 1) were
assigned by a treating neurologist MS specialist at our institution. Different aspects of these
patients are being reported separately.23
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Image acquisition
Figure 1 shows brain and spinal cord from two representative patients. The patients
underwent complete brain and spinal cord MRI on a 3T unit (GE 3T HDx Scanner,
Milwaukee, WI) of the whole spinal cord with a multichannel phased array coil using axial
fast spin-echo T2-weighted images (TR=6167 ms, TE=110 ms, 0.94 × 0.94 × 3 mm voxel
size no inter-slice gaps). 150–200 axial slices were acquired on each subject to cover the
whole spinal cord. Only the slices extending from the foramen magnum through the inferior
extent of the conus medullaris were analyzed. For brain MRI, we obtained axial fast fluid-
attenuated inversion recovery (FLAIR) sequences (TR=9000 ms, TE=90 ms, IR=2500 ms,
0.488 × 0.488 × 3 mm voxel size, no inter-slice gaps) to assess brain lesions. Images from
part of these spinal and brain protocols have been previously published.24–25 Since 3D
spoiled gradient recalled (SPGR) images produced inadequate gray-white differentiation at 3
T we used a 3D modified driven equilibrium Fourier transform (MDEFT) sequence26 which
has been shown to produce superior gray-white segmentation relative to the similar
MPRAGE sequence27.

Spinal cord image analysis
MRI post-processing and segmentation was performed using the Jim software package (v.
5.0, Xinapse Systems, Aldwincle, UK, http://www.xinapse.com). Scans were anonymized
and randomized, and analysis was done in a blinded fashion by experienced observers.

Spinal cord atrophy measures—The whole spinal cord was defined using bony
landmarks (foramen magnum rostrally to T12 vertebral body caudally). We stopped at the
T12 level due to variability in cord anatomy below this level. The spinal cord was
segmented into cervical and thoracolumbar regions, which were separated by the C7/T1 disc
interspace, to derive whole cervical and whole thoracic spinal cord volume. We additionally
measured an upper cervical cord volume from C2 to C3 by first measuring the cross-
sectional area of the cord at the level of the C2/C3 intervertebral disc. Cross-sectional area
was then assessed at the slice above and below the C2/C3 section. The mean volume of the
three contiguous slices was calculated for each subject. This was assessed as a variable
because it has been accepted and is a commonly used surrogate of spinal cord atrophy in
MS.12,28 An edge-finding tool based on local thresholding was applied to each axial slice to
identify the spinal cord contour. Manual adjustments were applied where necessary.
Segmentation was performed by an experienced observer (A.C.). Consistency and accuracy
of measurements were confirmed by independent and blinded review of the regions of
interest by a second experienced observer (A.A.). Differences between the two observers
were resolved by a senior observer (M.N.). Spinal cord volume in each region was
normalized by dividing by the number of slices and intracranial volume (ICV) (see brain
image analysis).

Spinal cord lesion measures—Image analysis for spinal cord T2 hyperintense lesions,
as described in detail previously,24 was the consensus of experienced observers (J.S., M.N.)
and confirmed by a senior observer (R.B.) to resolve any discrepancies. Image analysis was
meant to replicate the clinical setting. Thus, images were optimized for clinical review by
adjusting window width and level but not normalized. The total volume of lesions was
assessed using an edge-finding tool based on local thresholding. Manual adjustments were
applied where necessary.
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Brain image analysis
Brain volume measure—MDEFT scans were deskulled using a semi-automated tool in
the Jim software package. Values of ICV were used to normalize all CNS volume
measurements.

Tissue segmentation and volume determination—Manually skull stripped MDEFT
images were first brought into approximate alignment with the ICBM template, then bias-
field corrected, spatially normalized and automatically segmented into GM, WM and CSF
probability maps using the unified segmentation model implemented in the segmentation
routine of SPM829 running in Matlab (version 2009a, The MathWorks – Inc., Natick,
Massachusetts). Within manual outlines of the intracranial cavities, mutually exclusive
masks for each tissue were derived from SPM8 tissue probability maps as described
previously.30 Estimates of white-matter volume (WMV), gray-matter volume (GMV), CSF
volume (CSFV) and brain parenchymal volume (BPV = WMV+GMV) were automatically
derived from SPM8 generated segmentations after corrections for T1-hypointensities
misclassifications and deep gray matter underestimation (see corrections for
misclassifications). These values were used to compute normalized compartment volumes:
white-matter fraction (WMF = WMV/ICV), gray-matter fraction (GMF = GMV/ICV), CSF
fraction (CSFF = CSFV/ICV) and brain parenchymal fraction (BPF = (WMV+GMV)/ICV).

Correction for misclassifications—MS hypointense white matter lesions on T1-WI are
often misclassified as GM in SPM segmentation as previously reported.18,30 Classification
errors can also occur in the tissue surrounding T1 hypointensities due to partial volume
effects. T1 hypointensities within the WM compartment were segmented from MDEFT
images using a semi-automated edge-finding tool with manual corrections applied as needed
in Jim software. A mask of T1 hypointensities was created on MDEFT images including
hypointense lesions that were identified and manually contoured on MDEFT images using
cross-referencing with hyperintense lesions on FLAIR images in the same anatomic plane.
Consensus was reached by two expert readers. The derived masks were used to correct
SPM8-derived segmentations.

Segmentations were also manually corrected for underestimations of deep gray matter
nuclei. Corrections were performed by a single expert rater using a drawing tool in 3D Slicer
(version 3.4, http://www.slicer.org). Pixels that were reassigned to GM were automatically
set to background in WM final masks. All the aforementioned steps were implemented in
Matlab.

FLAIR hyperintense brain lesions—For analysis of hyperintense brain lesions, the
software package Jim was again employed. FLAIR hyperintense lesions, as described in
detail previously,25 were identified by the consensus of 2 experienced observers (J.S., M.N.)
and differences were resolved by a senior observer (R.B.). Whole brain FLAIR lesion
volume (FLLV) was then obtained by a semi-automated edge-finding tool based on local
thresholding on each axial slice with manual adjustments as necessary.

Statistical analysis
All spinal cord volume measurements were normalized by dividing by ICV and the number
of axial slices covering that region. Volumes were further adjusted for age by linear
regression. Partial correlations assessed associations between MRI, and both EDSS score
and T25FW while controlling for age. The magnitude of correlation was examined using
Cohen’s method for comparing r values within subjects with the appropriate t-test with n-3
degrees of freedom.31 A p value less than 0.05 was considered significant. All statistical
analyses were performed with SPSS for Windows (v. 17, SPSS Inc., Chicago, Illinois).
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Results
Brain and spinal cord MRI lesion and volume (atrophy) data are summarized in Table 2.
Sixteen of 21 patients had spinal cord lesions (76%).

Associations between spinal cord and brain MRI measures
Figures 1–3 and Table 3 show the relationship between spinal cord and brain MRI data.
None of the spinal cord lesion or volume data correlated with brain lesion or volume data
(the correlation between thoracic spinal cord lesion volume and brain FLAIR lesion volume
approached but did not reach significance). The strongest correlations between spinal cord
and brain volume data were observed between cervical spinal cord and brain, but these were
not significant. The analysis revealed similar results when controlling for age (data not
shown). Representative scatterplots illustrating the relationships between GMF or BPF and
cervical spinal cord volume are provided in Figures 2 and 3. Representative patients
showing the discordance between brain and cord lesions are shown in Figure 1. Age did not
correlate with any of the CNS volume measures (data not shown; all p-values >0.155).

Clinical-MRI associations
Partial correlations, controlling for age, between MRI measures and disability (EDSS and
T25FW) are shown in Table 4. Among all the MRI variables tested for an association with
EDSS score, only C2–C3 cord volume showed a significant correlation (r=−0.515,
p=0.020). Cervical spinal cord volume approached a significant correlation with EDSS score
(r=−0.436, p=0.055). The correlation between cervical cord atrophy and disability was
largely driven by the SP patients (data not shown). None of the MRI variables significantly
correlated with T25FW. Similar results were seen in age-unadjusted analyses (data not
shown)

Discussion
This is the first study to evaluate how lesions and volume in each subregion of the CNS
differentially correlates with clinical disability in a small population primarily comprised of
treated, mildly disabled RRMS patients. In our study, only upper cervical (C2–3) spinal cord
volume significantly correlated with physical disability on the EDSS scale, indicating a
relationship between cervical cord atrophy and clinical status. Other MRI measures of CNS
lesions and volume did not show significant correlations with the EDSS score or T25FW,
including whole brain lesions and volume, cerebral GM volume, cerebral WM volume,
spinal cord lesion volume, or volume of the thoracic spinal cord.

As has been observed in prior studies, T2 lesion volume in the brain or spinal cord did not
show significant correlations with EDSS score.13,24. Previous studies found correlations
between CNS regional or global atrophy and disability, but did not specifically evaluate the
relative importance of the array of measures pertaining to brain vs. cord pathology in RR
patients.8,10,14–17,19,28 A study of SP patients found that all MRI compartmental volumes
(cerebral GM, cerebral WM, and cervical cord) correlated with the multiple sclerosis
functional composite score, but only cervical spinal cord cross-sectional area correlated with
EDSS score.15 Full cervical/thoracic or whole spinal cord volumes were not assessed in that
study.

The relative clinical importance of cervical spinal cord atrophy may reflect three anatomical
considerations. First, the cervical volume may be an accurate correlate of upper motor
neuron mediated limb and trunk motor function as it contains all descending corticospinal
fibers destined for motor targets in the trunk, arms and legs. Second, the cervical cord is a
crossroads for all cerebrospinal descending and spinocerebral ascending pathways. Thus, as
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compared to other brain and cord locations, damage to the cervical cord disproportionately
affects myriad CNS functions. Third, the cervical cord volume also reflects remote volume
by its reciprocal connectivity with distant brain and thoracolumbar cord axons and neurons.
Thus, Wallerian degeneration in widespread CNS regions both rostral and caudal to the
cervical cord will be reflected in spinal cord atrophy.

Of note, we found a lack of correlation between all brain and cord lesion/volume measures
and T25FW, a clinical measure of ambulatory function. Other MRI measures have been
shown to correlate with measures of ambulatory dysfunction, including cervical spinal cord
volume, GM volume, brainstem volume, damage in cerebral normal appearing WM, and
GM dentate nucleus T2 hypointensity.18,32–35 One potential explanation for the lack of
correlation in our study and differences with previous studies is a restricted range in our
sample. Our patients had generally well preserved ambulatory function and overall were
mildly disabled. In addition, the sample size was small and thus, may not have been
adequately powered to show such correlations between MRI measures and T25FW in the
particular study population.

Our study also evaluated the relationship between brain and cord pathology as defined by
MRI, including both compartment-specific and region specific atrophy of the brain and cord.
We found no significant relationships between brain and cord lesions or volume. This is in
line with previous studies that found no correlation between cervical cord and brain MRI
metrics (T2 lesion volume, CNS volumes, and DTI measures).36,37 Both our findings and
those from previous studies suggest a non-uniform disease process in MS. Thus, the
degenerative and inflammatory processes may affect each region independently.
Furthermore, there may exist phenotypes or HLA-related genotypes within MS cohorts who
have selective brain or cord involvement.38 Additionally, cord volume measures are
relatively insensitive to atrophy early in the disease course of MS, which is secondary to the
offsetting effects on (expansion of) cord volume caused by edema and inflammation.23

Furthermore, brain volume measures, particularly the contribution from WM, suffer from
similar transitory effects that can mask ongoing atrophy.11 Thus, tissue destruction in the
brain and cord may occur in parallel, but may not be adequately reflected in global volume
measures. These results need to be confirmed in a larger study group across a broader range
of clinical disability and MS subtypes.

The strengths of this study include the novel means of volumetric analysis – full cord and
brain segmentation and volume analysis at high resolution (3T) MRI. This improves upon
our work and that done by others, using validated methods of volumetric analysis.28,39–42

Limitations include small study size and the predominance of mildly disabled RR patients.
The study only offers a limited view into those severely impaired by MS, as the study
population was treated and relatively high functioning, which limits the generalizability of
these study results. Our results should be considered preliminary because of these
limitations. The two main findings of this study should be confirmed in larger populations of
RRMS, SPMS, and PPMS patients: (1) cervical cord atrophy is the best predictor of clinical
disability in MS; (2) a weak relationship exists between MRI-defined spinal cord and brain
pathology assessed by overt lesions and atrophy. Furthermore, studying other aspects of
structural damage such as cerebral T1 hypointensities, cortical lesions, and diffuse damage
assessed by advanced MRI techniques may provide additional insights into the effects and
role of brain vs. cord pathology in MS.

Conclusions/relevance
In a small population of mildly disabled, treated MS patients, upper cervical spinal cord
atrophy most strongly correlates with physical disability in MS when accounting for other
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CNS measures of lesions and atrophy, including thoracic or whole spinal cord volume, and
cerebral gray, white or whole brain volume. The weak relationship between spinal cord and
brain volume measures suggests that atrophy in these parts of the CNS may progress rather
independently in patients with MS.
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Figure 1.
MRI from two patients showing representative FLAIR brain and T2-weighted spinal cord
images illustrating the unreliable correlation between brain and cord involvement. The top
row is a 44 year-old woman with a history of relapsing-remitting MS with an EDSS score of
3. The patient had a relatively low total brain lesion volume (4015.2 mm3) and high total
spinal cord lesion volume (558.9 mm3). The bottom row is 46 year-old man with a history of
relapsing-remitting MS with an EDSS score of 0. The patient had a relatively high total
brain lesion volume (26995.0 mm3) but low total spinal cord lesion load volume (134.8
mm3). Arrows represent spinal cord MS lesions.
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Figure 2.
The lack of a relationship between global cerebral gray matter and global cervical spinal
cord volume (r=0.302, p=0.196) is illustrated in this scatterplot.
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Figure 3.
The lack of a relationship between whole brain and global cervical spinal cord volume
(r=0.375, p=0.103) is illustrated in this scatterplot.
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Table 1

Patient demographics and clinical measures (n=21)

Variable Mean ± SD (Range)

Age (years) 40.9 ± 8 (28–55)

Height (cm) 169.2 ± 12.7 (152.4–193.0)

Expanded Disability Status Scale score 1.6 ± 1.6 (0–6.0)

Timed 25-foot walk (seconds) 4.9 ± 1.0 (3.3–8.0)

Disease Duration (years) 8.3 ± 7.5 (0.8–28.0)
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Table 2

Central nervous system volume and lesion data (n=21)

Variable Mean ± SD (Range)

Normalized whole cord volume (x10−4)* 9.28 ± 1.71 (7.46–13.55)

Normalized cervical cord volume (x10−4)* 14.09 ± 0.22 (1.03–1.80)

Normalized thoracic cord volume (x10−4)* 7.51 ± 0.15 (6.04–11.42)

Normalized C2–C3 cervical cord volume (x10−4)* 1.49 ± (1.04–2.00)

Total cord T2 hyperintense lesion volume (mm3) 214.9 ± 195.9 (0.0–624.2)

Cervical cord T2 hyperintense lesion volume (mm3) 159.7 ± 179.1 (0.0–624.2)

Thoracic cord T2 hyperintense lesion volume (mm3) 55.2 ± 99.5 (0.0–374.2)

BPF 0.83 ± 0.05 (0.70–0.89)

Brain gray matter fraction 0.49 ± 0.04 (0.41–0.55)

Brain white matter fraction 0.34 ± 0.02 (0.293–0.40)

Brain FLLV (mm3) 15221.0 ± 16586.8 (867.8–56749.6)

Note: BPF=global brain parenchymal fraction; FLLV=fluid-attenuated inversion-recovery hyperintense lesion volume;

*
spinal cord volumes were normalized by number of slices and intracranial volume (see Methods section).
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