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Comparison of Three Different Methods for
Measurement of Cervical Cord Atrophy in

ORIGINAL X .
researcH | Multiple Sclerosis
R. Zivadinov BACKGROUND AND PURPOSE: Evidence is mounting that spinal cord atrophy significantly correlates
A.C. Banas with disability in patients with multiple sclerosis (MS). The purpose of this work was to validate 3
different measures for the measurement of cervical cord atrophy on high-resolution MR imaging in
V. Yella ) . : . ) .
patients with MS and in normal control subjects (NCs). We also wanted to evaluate the relationship
N. Abdelrahman between cervical cord atrophy and clinical disability in the presence of other conventional and
B. Weinstock-Guttman nonconventional brain MR imaging metrics by using a unigue additive variance regression model.
M.G. Dwyer MATERIALS AND METHODS: \We studied 66 MS patients (age, 41.2 = 12.4 years; disease duration,

11.8 = 10.7 years; Expanded Disability Status Scale, 3.1 = 2.1) and 19 NCs (age, 30.4 = 12.0 years).
Disease course was relapsing-remitting (34), secondary-progressive (14), primary-progressive (7), and
clinically isolated syndrome (11). The cervical cord absolute volume (CCAV) in cubic millimeters and 2
normalized cervical cord measures were calculated as follows: cervical cord fraction (CCF) = CCAV/
thecal sac absolute volume, and cervical cord to intracranial volume (ICV) fraction (CCAV/ICV). Cervical and
brain lesion volume measures, brain parenchyma fraction (BPF), and mean diffusivity were also calculated.

RESULTS: CCAV (P < .0001) and CCF (P = .007) showed the largest differences between NCs and MS
patients and between different disease subtypes. In regression analysis predicting disability, CCAV was
retained first (R? = 0.498; P < .0001) followed by BPF (R?> = 0.08; P = .08). Only 8% of the variance in
disability was explained by brain MR imaging measures when coadjusted for the amount of cervical cord
atrophy.

CONCLUSIONS: 3D CCAV measurement showed the largest differences between NCs and MS pa-
tients and between different disease subtypes. Cervical cord atrophy measurement provides valuable
additional information related to disability that is not obtainable from brain MR imaging metrics.

R imaging of the brain is a sensitive tool for making a  does not appear to directly affect the cross-sectional cord area in
diagnosis of multiple sclerosis (MS). Abnormalities of ~ pathologic studies.” Measurement of spinal cord atrophy has
brain MR imaging are present in more than 95% of patients ~ demonstrated value in the clinical realm. Serial MR imaging of
with clinically definite MS; however, there is poor correlation  the spinal cord has shown evidence of disease activity undetect-
between disability and the number and volume of focal brain  able on clinical examination, thereby increasing the diagnostic

lesions visible on MR imaging.' sensitivity of MR imaging for patients with suspected MS."” Spi-
Inzvao!vement .Of the. Sanal corfi, especially of the cemcz.al nal cord abnormalities on MR imaging are not restricted only to
cord,™ is of particular significance in the development of physi-  patients presenting with spinal cord symptoms, because changes

Cf‘l disability in. patients with MS:4’5 Duﬁng the course ‘?f their suggestive of atrophy may be seen before any manifestation of
disease, approximately 80% of patients with MS present with spi-  Jinical symptoms. It has been shown that atrophy of the cervical

6 . . . .
na'l colrd symptoms. Cogventlgnal T2-we1.ghted spmall cordim-  ¢ninal cord is a useful measure for determining clinical disabili-
aging is sensitive in detecting spinal cord lesions and their changes ty!®151% and monitoring disease progression,® as well as thera-

oviar timfe.?l’g(i-lowiler, me:asu.rﬁes of coid .T2 lis.ion rxn&befb ?11r.1d peutic drug effects in MS.%°
volume fatled to show a significant relationship with disablity Key problems in the evaluation of spinal cord atrophy have

and have poor prognostic value for disability accumulation over been related to poor resolution of MR imaging, small size of

. B _ 2,3 . . . .
the mid to lf)ng term. EVldenC_e s r.nou.r?tlnSg()_that spinal cord the cord, and surrounding fat, bone, and CSF that can cause
atrophy significantly correlates with disability.™

. . . . artifacts and, as a consequence, compromise the final image
Atrophy of the spinal cord in MS is thought to reflect inflam- . oneeq Prom mas
. .. S quality. Indeed, artifacts related to pulsation and respiratory
matory tissue injury, demyelination, and axonal loss. Postmor-

. . . rdiac motion have al n considered.>” This led in m
tem pathologic studies have documented spinal cord axonal loss cardiac f)t on have aiso been considered . sled . ost
in MS.'>"> However. whereas the correlation between central of the earlier studies to unacceptable error in manual delinea-

. b

. . 2 .
nervous system atrophy and disability has been interpreted as a thn of the .cord./CSF interface. The technical challenges of
reflection of axonal loss in pre-existing lesions, ' axonal loss spinal cord imaging posed by the size and anatomy of the cord

and by its surrounding structures have been addressed in re-

cent years by improved receiver coils, fast imaging, 3D imag-
Received July 18, 2007; accepted after revision August 4. ing, motion suppression, and cardiac gating. Subsequently,
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spinal cord atrophy in MS may be assessed by measurement of
the whole cervical cord volume rather than by the traditional
cross-sectional area approach at level C2/C3. To improve the
accuracy and precision of cervical cord volume measure-
ments, a semiautomated edge detection technique was used to
create a tissue-boundary map from 3D volumetric scans of the
cervical cord. Therefore, the objectives of the present cross-
sectional study were first to validate this original method for
measuring whole cervical cord volume by comparing 19 nor-
mal control subjects (NCs) and 65 patients with MS with dif-
ferent disease subtypes. We also evaluated the relationship be-
tween absolute and normalized cervical cord atrophy and
clinical disability in the presence of other conventional and
nonconventional brain MR imaging metrics using a unique
additive variance regression model.

Methods

Subjects

MS patients were consecutively enrolled either at the time of their first
visit or during routine clinical follow-up visit. Patients with clinically
isolated syndrome (CIS) were enrolled at the time of their first visit. In
patients with MS, the inclusion criteria were as follows: diagnosis of
MS,** age 1870 years, and Expanded Disability Status Scale (EDSS)
between 0 and 8.5.2° Exclusion criteria consisted of relapse, disease
progression, and steroid treatment in the 3 months preceding study
entry or pre-existing medical conditions known to be associated with
brain or spinal cord pathology. NCs were recruited from among hos-
pital personnel and community-based volunteers. NCs were matched
to MS patients for sex but not for age.

The CIS group in our study was composed of patients® with recent
onset of clinical symptoms (30 days from the onset of disease) and
those patients with CIS® who were referred to our institute for a sec-
ond opinion in which a second clinical attack was not observed during
the midterm follow-up. All of the patients with CIS presented abnor-
mal MR imaging consistent with demyelinating disease. Six of 11 CIS
patients had 1 or more T2 hyperintense lesions present in the cervical
cord (range 1-3). The study was approved by the appropriate internal
review committee.

MR Imaging Acquisition

MR imaging scans were performed on a 1.5T Signa 4x/Lx, (GE
Healthcare, Milwaukee, Wis) unit, with both the brain and cervical
cord being scanned in the same session. Cervical cord MR imaging
protocol included axial 3D-spoiled gradient-recalled (SPGR) T1-
weighted images (T1WIs; TR, 33 ms; TE, 6 ms; FA, 30°; 2.5-mm thick;
0 gap; matrix, 512 X 512) and axial and sagittal fast spin-echo (FSE)
T2-weighted images (T2WIs) (TR, 3200 ms; TE, 95 ms; echo-train
length [ETL], 20; 3-mm thick; 0 gap; matrix, 256 X 256). Brain MR
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W Fig 1. Cervical cord identification and quantification. Left,
Original cervical 3D SPGR-T1WI. Center, Edge-detection im-
age. Right, Cord edges identified by operator.

. imaging protocol included dual SE T2WIs, dif-
fusion-weighted imaging (DWI), 3D-SPGR
T1WI, spin-echo (SE) TIWI without contrast,
and fluid-attenuated
(FLAIR) sequences. The axial dual SE sequence
was acquired with TE at 30 ms/90 ms, TR at
3000 ms, NEX at 1, ETL at 14, FOV at 24 X 18,
matrix at 192 X 256, 5-mm section thickness with a total of 28 sec-
tions, and no gap; axial 3D-SPGR T1WI scans with FOV of 24 X 18,
matrix at 192 X 256, 2.5-mm thickness, 70 sections, no gap, TE at 7
ms, TR at 24 ms, NEX at 1, FA at 30°; axial FLAIR with FOV 24 X 24,
matrix at 192 X 256, 28 sections, 5-mm thickness, and no gap; and
axial SE TIWI with FOV at 24 X 18, matrix at 192 X 256, 28 sections,
5-mm thickness, no gap, TE at 9 ms, TR at 600 ms, and NEX at 2.
Echo-planar imaging was used to acquire T2WI (B0) and DWI
(B1000) with the following parameters: FOV at 36 X 27, matrix at
128 X 128 (resulting in in-plane voxel sizes of 2.8 X 2.1 mm), 46

inversion recovery

sections (3-mm thickness), and no gap. Diffusion weighting was ap-
plied via the use of identical diffusion-encoding waveforms in 3 or-
thogonal directions (read, phase encoding, and section selection) and
averaging these in the scanner, which resulted in an average DWI
image with a b factor of 1000 s/mm?>.

MR Imaging Analysis

Cervical Cord Measures. The image analysis was blinded to pa-
tients” clinical characteristics and clinical status. We first used an
edge-detection technique®® to create a tissue-boundary map from a
3D-SPGR T1WI from upper level of C2 to lower level of C7 (mean of
43 £ 3 sections were contoured). First, a 3D Gaussian smoothing
kernel with an SD of 1.25 mm was used to minimize the creation of
spurious edges from background noise. Next, a weighted 3D Sobel
image filtering operator was used on the smoothed image to generate
both a gradient magnitude map displaying the edge strength at every
voxel and a gradient direction map displaying the edge orientation at
every voxel. Finally, nonmaximal suppression based on the 2 gradient
maps was used to automatically trace along edges and eliminate non-
edge voxels. During this final stage, hysteresis was also used to elimi-
nate streaking (the tendency of edges to drop out at points due to
noise). The final result of this processing was an edge map containing
single-voxel-width edges. Operator input was limited to identifica-
tion of the set of edges on this map enclosing the cervical cord volume.
Reliability was ensured by the presence of only single-voxel-wide
edges, thus removing any operator uncertainty in edge placement.
The number of voxels included within these edges was then added
together, and the sum was multiplied by the individual voxel volume
to generate a final, quantitative measure of cervical cord volume (Fig
1).

A similar approach was used to determine the cervical “thecal
sac.” Instead of an SPGR image, an FSE T2WI was used. Edge detec-
tion was then performed as described above, and the operator iden-
tified those edges enclosing the spinal thecal sac (Fig 2). Cervical cord
absolute volume (CCAV) in millimeters cubed (Fig 1) and 2 normal-
ized cervical cord measures were calculated: cervical cord fraction
(CCF) = CCAV/thecal sac absolute volume, and cervical cord to in-
tracranial volume (ICV) fraction = CCAV/ICV.



The reproducibility of spinal cord measures was calculated as co-

efficients of variation ([SD/mean]*100). For all of the reproducibility
measurements, scans from 5 MS patients and 5 NCs were used. The
patients were stable from both clinical and MR imaging points of view
during this interval. The scan-rescan reproducibility was defined as
the variability between the estimates of cervical cord atrophy mea-
sures determined on 2 separate MR imaging scans within 1 week and
measured 5 times by a single blinded observer. Intrarater reproduc-
ibility was defined as the variability between mean estimates of spinal
cord atrophy measures determined 5 times by a single observer who
repeatedly evaluated the same scan obtained from the same subject.
Interrater reproducibility was defined as the variability between mean
estimates of spinal cord atrophy measures determined 5 times by 2
observers who repeatedly evaluated the same scan obtained from the
same subject.

Cervical cord lesion volume (LV) was quantified by a single rater
on FSE T2WT using the “smallest bounding box” method. T2 hyper-
intense lesions were manually identified and measured on axial and
reconstructed sagittal images to determine their maximum extent in
all directions. The sum of lesion-bounding box volumes was calcu-
lated to derive a total cervical T2-LV for each patient.

Brain Measures. T2- and T1-LVs were calculated using a semiau-
tomated local thresholding technique for lesion segmentation, as de-
scribed previously.””*® For estimation of whole-brain atrophy, we
used a modified version of the Functional Magnetic Resonance Im-
aging of the Brain-Functional Software Library (University of Oxford,
Oxford, United Kingdom) cross-sectional brain atrophy analysis tool
called Hybrid Structural Image Evaluation, including Normalization,
of Atrophy (X sectional). Details of this method have been reported
elsewhere.”*® Brain parenchyma fraction (BPF) was calculated as
follows: BPF = (gray matter + white matter)/(gray matter + white
matter + CSF).2**°

Details of the DWT method have been described elsewhere.**°
Briefly, the whole-brain mean diffusivity (MD) was computed from
the T2 and DWI, which were combined to create a mean diffusivity D
map by performing the following calculation on each voxel: D =
(—b/3)In(DW/T2). In this equation, DW represents the average dif-
fusion signal intensity and T2 represents the T2-weighted signal in-
tensity without the diffusion weighting. The parenchyma mask was
then applied to the previously created (D) map to create a paren-
chyma (D) map, displaying mean parenchyma diffusivity (MPD) val-
ues. Therefore, whole-brain MPD represents a composite measure of
all tissue types in the brain, including normal-appearing white and
gray matter and lesions (except in NC).>**°

Statistical Analysis

Statistical analysis was performed using the Statistical Package for the
Social Sciences (SPSS, Version 14.0; SPSS, Chicago, Ill). For demo-
graphic and clinical comparisons between groups, parametric and

Fig 2. Cervical canal identification and quantification. Left,
Original cervical T2WI. Center, Edge-detection image. Right,
Spinal canal edge identified by operator.

nonparametric tests were used, as appropriate.
All of the MR imaging distributions were nor-
mal by the Komologrov-Smirnov test of nor-
mality (P > .05). There was a significant age-
dependent difference between NCs and MS
patients (P = .001) and between NCs and all of
the disease types, except for the CIS patient
group. A general linear model (GLM) analysis was performed to test
significant differences between NCs and MS patients and specific MS
disease subtypes in which the age was entered as a covariate and, due
to the multiple comparisons, a post hoc Bonferroni correction was
applied directly in the SPSS analysis model. The Student ¢ test was
applied to quantify the possible influence of the duration of treatment
with disease modifying therapy (DMT) between different MS sub-
types. A statistically significant difference was found. Therefore, GLM
analysis with age and duration of treatment adjustments was per-
formed for different disease subtype comparisons. The relationship
between cervical cord MR imaging variables and brain MR imaging
and clinical variables was examined using the Spearman rank and
Pearson correlation coefficients, as appropriate. In particular, we ex-
plored the correlation between different cervical cord atrophy mea-
sures and brain MR imaging measures, as well as disability (as mea-
sured by EDSS) and disease duration. Multivariate regression analyses
models, age adjusted, were used to evaluate the relationship between
cervical cord MR imaging measures, with or without the presence of
brain MR imaging metrics, and clinical outcomes. Different multiple
regression analyses were performed to explore the relationship be-
tween cervical and brain MR imaging outcomes, as well as disability
and disease duration. Age was included as a covariate in all of the
models. Only MR imaging variables that were significant in correla-
tion analyses were entered into these models. Three models were cre-
ated. In each case, age was entered and retained in block 1, and the MR
imaging variables were entered in block 2. We used P to enter = .05
and P to exit = .10. In the first model, age and brain MR imaging
measures were entered in block 1 (BPF and T1-LV), and cervical cord
measures were entered into block 2 (CCAV, CCF, and cervical T2-
LV). In the second model, age and cervical MR imaging measures
were entered in block 1 (CCAV, CCF, and cervical T2-LV), and brain
MR imaging measures were entered into block 2 (BPF and T1-LV).
The third disability model included age in block 1 and the CCAV and
BPF in block 2. All of the P values were based on 2-tailed tests. The
minimum significance level for entry and for staying in the equation
was .05.

Results

Sixty-six MS patients (age, 41.2 = 12.4 years; disease duration,
11.8 = 10.7 years; EDSS, 3.1 £ 2.1) and 19 NCs (age, 30.4 = 12
years; Table 1) were enrolled. Patients with relapsing-remit-
ting (RR; n = 34), secondary-progressive (SP; n = 14), prima-
ry-progressive (PP; n = 7), and CIS (n = 11) were included®!
(Table 1). The CIS group was composed of patients presenting
with partial transverse myelitis (n = 4), optic neuritis (n = 3),
brain stem syndrome (n = 2), and polysymptomatic onset (n
= 2). All of the MS patients and 6 of 11 CIS patients were on
various DMTs for a mean period of 58.2 months (range, 1-156
months).
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Table 1: Demographic and clinical characteristics of normal control subjects and multiple sclerosis patients, according to disease type

Variable NC (n = 19) MS (n = 65) CIS (n=11) RR (n = 34) SP (n = 14) PP (n=17)
Female, n (%) 10 (52.6) 48 (72.7) 9(81.8) 26 (76.5) 9(64.3) 4(57.1)
Age in years, mean (SD) 30.4(12) 41.2(12.4) 36.9(9.1) 42.4(8.6) 47.2(11.4) 59.9(12)
Disease duration in years, mean (SD) NA 11.8(10.7) 1.1(1.4) 11.1(8.2) 17.1(9.9) 19.6(18.6)
EDSS, mean (SD) NA 3.1(2.1) 1.6(0.3) 2.1(1.3) 5.0(1.8) 5.8(1.3)

Note:—NC indicates normal control subjects; MS, multiple sclerosis; RR, relapsing-remitting; SP, secondary-progressive; PP, primary-progressive; CIS, clinically isolated syndrome; NA, not

applicable.

Table 2: Coefficient of variation of different cervical spinal cord
atrophy measures

Cervical Scan-Rescan Intrarater Interrater
Atrophy COV, Mean % COV, Mean % COV, Mean %
Measure (95% CI) (95% CI) (95% CI)
CCAV 1.29(0.62-2.37) 0.25(0.12-0.46) 1.26 (0.60-2.30)
CCF 1.4(0.67-2.60) 0.6(0.29-1.10) 1.1(0.563-2.00)
CCAV/ICV 1.6 (0.77-2.90) 0.7 (0.34-1.30) 1.6(0.77-2.90)
BPF 0.1(0.048-0.184) 0 0

MPD 0.84(0.40-1.55) 0 0

Note:—COV indicates coefficient of variation; CCAV, cervical cord absolute volume in
cubic millimeters; CCF, cervical cord fraction; CCAV/ICV, cervical cord absolute volume to
intracranial volume; Cl, confidence interval; BPF, brain parenchyma fraction; MPD, mean
parenchyma diffusivity.

Comparison of MR Imaging Measures between Patients
and Control Subjects

The reproducibility results for different cervical cord atrophy
measures are presented in Table 2. In the GLM analysis, CCAV
(P =.001) and CCF (P = .007) were significantly lower in the
MS patients compared with NCs (Table 3). There was no sig-
nificant difference for CCAV/ICV.

When NCs were compared with specific MS subtypes,
CCAV (P <.001) and CCF (P = .043) were significantly lower
in the SP MS patients (Table 3). PP MS patients showed sig-
nificantly lower CCF (P = .01) and lower CCAV (P = .048),
whereas RR MS patients showed a trend for lower CCAV com-
pared with NCs (P = .057). There was no significant difference
between NC and CIS patients for either one of the cervical
cord measures.

The reproducibility results for different brain MR imaging
measures are presented in Table 2. The MS patients showed
significantly lower BPF (P < .0001) and higher MPD (P =
.001) compared with NCs in the GLM analysis (Table 4).
Compared with NCs, lower BPF was found in all of the MS
disease subtypes (P < .0001 for SP, PP, and RR and P = .004
for CIS; Table 4). MPD was also higher in all of the disease
subtypes compared with NCs (P = .001 to .006), except for the
patients with CIS (P value not significant; Table 4).

Comparison of MR Imaging Measures between Different
Disease Subtypes

In the GLM analysis, there were no significant differences
between SP and PP MS patients for either of the cervical
cord atrophy measures. However, the SP MS patients
showed higher cervical T2-LV compared with those with PP
MS (9.7 mL versus 2.6 mL; P = .027; Table 3). SP MS
patients also showed lower CCAV (P < .001) and CCF (P <
.0008) and higher cervical T2-LV (P < .02) compared with
RR MS and CIS patients. PP MS patients showed lower
CCAV (P < .01) and CCF (P < .03) compared with RR MS
and CIS patients. RR MS patients differed from CIS patients
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only in their cervical T2-LV (4.2 mL versus 0.7 mL; P = .11;
Table 3).

In general, all of the brain MR imaging measures showed
significant differences between different MS subtypes (Ta-
ble 4). SP and PP MS patients had significantly lower BPF
than RR MS and CIS patients. RR, SP, and PP MS patients
had higher MPD than CIS patients. SP patients had signif-
icantly higher T2-LV compared with all of the other disease
subtypes.

Correlation and Regression Analysis between Cervical MR
Imaging Measures and Other Brain MR Imaging and
Clinical Outcomes

The Spearman correlation analysis showed weak-to-modest
correlation among 3 different cervical cord atrophy measures
(data not shown). This may suggest that cervical cord atrophy
measures were not interrelated and potentially measured dif-
ferent variances in the atrophy of the cervical cord. There was
no correlation between cervical T2-LV and either cervical cord
atrophy measure. CCAV and BPF showed a robust correlation
with disability (Table 5 and Fig 3). Among other MR imaging
measures, CCF, cervical T2-LV, and brain T1-LV and MPD
showed a modest correlation with disability (Table 5). BPF
and cervical and brain T2-LVs were the only variables related
to disease duration (Table 5).

In the first multiple regression analysis model, CCAV was
the only variable related to higher EDSS and by itself explained
47% of the variance in disability (R* = 0.47; P < .001). Cervi-
cal T2-LV was the only variable retained in the same model for
disease duration (R* = 0.11; P = .04). The second model, both
for disability and disease duration, retained BPF as the only
variable (R* = 0.22, P = .001 and R* = 0.18, P = .001). In the
third model, CCAV was retained first (R* = 0.498; P < .0001),
followed by BPF (R* = 0.08; P = .08). CCAV and BPF together
explained 58% of the unique additive variance in disability.
This final disability model was separately run in SP and PP MS
patients. CCAV was the only variable retained in the model
(R* = 0.652; P < .0001).

Discussion

This study validated 3 different cervical cord atrophy measures
in patients with MS and in NCs. Absolute (CCAV) and nor-
malized (CCF) measures of cervical cord atrophy showed the
largest differences between NCs and MS patients and between
different disease subtypes. Conversely, normalized atrophy
measure of the CCAV to the total ICV did not perform in the
same manner. Correlations between absolute and normalized
cervical cord atrophy measures and cervical T2-LV showed
significant correlation with disability. An important finding of
this study is the relative proportion of the variance between
spinal cord and brain MR imaging measures that explained a



Table 3: Cervical cord atrophy and lesion MR imaging measures in normal control subjects and multiple sclerosis patients, according to
disease type

NC (n = 19), MS (n = 66), CIS (n = 11), RR (n = 34), SP (n = 14), PP (n=17),
Variable Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
CCAV, mm? 7691.7 (1136.2) 7063.2 (1206.8)** 7461.1 (599.5) 7281.6(758.9) 5990.7 (1060.9)*** 6907.3 (1796.2)*
CCF 0.343(0.29) 0.318(0.23)** 0.344(0.04) 0.307 (0.06) 0.307 (0.06)* 0.294 (0.04)*
CCAV/ICV 0.012(0.002) 0.016(0.02) 0.012(0.002) 0.015(0.005) 0.015(0.016) 0.01(0.005)
Cervical T2-LV, mL NA 46(5.8) 0.7(0.02) 42(3.8) 9.7(8) 26(3.2)

Note:—NC indicates normal control subject; MS, multiple sclerosis; RR, relapsing-remitting; SP, secondary-progressive; PP, primary-progressive; CIS, clinically isolated syndrome; CCAV,
cervical cord absolute volume; CCF, cervical cord fraction; CCAV/ICV, cervical cord absolute volume to intracranial volume; LV, lesion volume; NA, nonapplicable. A general linear model
analysis was performed to test significant differences between normal control subjects and multiple sclerosis patients in which the age was entered as a covariate and, due to the multiple
comparisons, a post hoc Bonferroni correction was applied directly in the SPSS analysis model.

P values are provided between normal control subject and multiple sclerosis patients (*P < .05; **P < .01; ***P < .001).

Table 4: Brain MR imaging measures in normal control subjects and multiple sclerosis patients, according to disease type

NC (n = 19), MS (n = 66), CIS (n = 11), RR (n = 34), SP (n = 14), PP (n=17),
Variable Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
BPF 0.845(0.006) 0.827(0.02) 0.834(0.01) 0.832(0.01) 0.815(0.02) 0.815(0.009)
MPD, X 107% mm?/s 1130.1 (65.8) 1204.3 (89.2) 1143.4(59.1) 1222.8(100.4) 1196.3 (71) 1222.9(61)
T2-LV, mL NA 11(12.6) 5.1(6.5) 12.1(14.4) 18.3(13.5) 6.9(7.7)
T1-LV, mL NA 1.7(3.2) 05(0.7) 1.2(1.7) 3.2(5.4) 1.2(1.5)

Note:—NC indicates normal control subjects; MS, multiple sclerosis; RR, relapsing-remitting; SP, secondary-progressive; PP, primary-progressive; CIS, clinically isolated syndrome; BPF,
brain parenchyma fraction; MPD, mean parenchyma diffusivity; LV, lesion volume; NA, nonapplicable.

Table 5: Correlation analysis between cervical and brain MR
imaging measures and clinical variables

provide a full estimate of the entire cervical cord
damage.19’21’33’34
The original method developed by the Queen Square

EDSS Disease Duration o1 .

) group” was recently improved by the use of automated algo-

Variable r P r P . . .
rithms to detect the cervical cord edge and by application of

CCAV, mm® —0.51* <0.0001* —0.15 0.246 . . . e 2,32
ot pyee 0.018* 014 0.260 additional filtering to improve reliability.>”* Furthermore,
CCAV/ICY 012 0.459 012 0.438 newer 3D techniques based on the cord surface area are be-
Cervical T2-LV, mL 038 0027* 033* 004  comingincreasingly available.
BPF —0.43* 0.001* —0.36* 0.004* Our method is impervious to intensity change caused by
MPD 0.31* 0.04% 0.25 0.069 pathology, which increases the reproducibility of edge con-
Brain T2-LV, mL 0.16 0.232 0.25 0.047 touring. Another unique approach in this study was determin-
Brain T1-LV, mL 0.36* 0.009* 0.26 0.055

Note:—CCAV indicates cervical cord absolute volume; CCF, cervical cord fraction; CCAV/
ICV, cervical cord absolute volume to intracranial volume; BPF, brain parenchyma fraction;
MPD, mean parenchyma diffusivity; LV, lesion volume.

*Values are significant (P < .05).

unique contribution to disability. Cervical and brain atrophy
together explained 58% of the variance in disability, and only
8% of the variance in disability was explained by brain atrophy
alone. In SP and PP MS patients, the only variable that inde-
pendently predicted disability was CCAV.

Spinal Cord MR Imaging Measures in Patients and
Control Subjects

Cervical cord atrophy was assessed by measuring the whole
cervical cord volume rather than by using the traditional
cross-sectional area approach at level C2/C3.>"*? To improve
the accuracy and precision of cervical cord volume measure-
ments, we acquired 3D volumetric T1 SPGR images and used
a semiautomated edge detection technique to create a tissue
boundary map.*® This technique eliminated most of the inher-
ent operator-dependent difficulties in measuring spinal cord
volume, thereby providing a highly reproducible measure-
ment (Table 2). Because of the tubelike shape of the spinal
cord, previous atrophy measures focused on estimating the
average cross-sectional area along some length of cord.” Al-
though the cross-sectional area approach is very reproducible
(<1%), the analysis is based on only 1-2 segments of the up-
per cervical cord (usually at the C2/C3 level) and does not

ing the normalized measures of cord atrophy (CCF and
CCAV/ICV). CCAV was the best cervical cord atrophy predic-
tor for characterizing differences between NCs and MS pa-
tients and between different disease subtypes (Table 3), fol-
lowed by the CCF. Analysis showed a weak correlation
between CCAV and CCF, suggesting that these 2 measures
might represent different variances in cervical cord atrophy
measurement. CCAV/ICV failed to differentiate between NCs
and MS patients and showed low sensitivity in distinguishing
between different disease subtypes (Table 3).

Although the exclusion criteria for the study included pre-
existing medical conditions known to be associated with spi-
nal cord pathology, we cannot completely exclude the possi-
bility that pathology related to normal aging influenced the
performance of our normalized cervical cord measure (CCF).
In fact, in the present study the NCs were significantly younger
than the patients (Table 1), which could explain the limited
value of the CCF and the lower correlation of this measure,
compared with other MR imaging and clinical outcomes.

Contrary to other studies,?>? normalization of CCAV to
ICV did not yield a significant difference between MS and NC
groups, and between different disease subtypes (Table 3). We
do not have a plausible explanation for this finding, but sus-
pect that the higher absolute volume of the cervical cord in our
study, with respect to the cross-sectional area approach, might
have influenced these differences. Alternatively, it could be
that the entire cervical cord volume is simply not closely re-
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Fig 3. Correlation of cervical cord absolute volume and brain
parenchyma fraction with disability, as measured by EDSS.

edges, the smallest bounding box ap-
proach was used as a robust mean to over-
come this problem. Cervical T2-LV was
particularly high in SP MS patients, as ex-
pected. Cervical T2-LV did not correlate
with other cervical cord atrophy mea-
sures.” Of all of the cervical cord mea-
sures, cervical T2-LV showed the best re-
lationship with disease duration.

Brain MR Imaging Measures in
Patients and Control Subjects
Asreported in previous case-control studies
from our group using the same brain MR
o imaging measures, the MS patients showed
significantly lower BPF’**>*® and higher
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MPD? compared with the NCs (Table 4).
MS patients were of significantly higher
age compared with NCs. This difference
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may have influenced the current findings,
though all of the analyses were covariated
for age differences. However, a number of
recent MS case-control studies have
shown that changes in brain tissue archi-
tecture, as measured by DWI and brain
atrophy, represent a disease-dependent
and not age-related phenomenon.””®
The BPF and MPD differences between
disease subtypes showed expected direc-

tions, as reported previously by our group
(Table 4).%°

Spinal Cord and Brain MR Imaging
Measures in Correlation to Disability
CCAYV showed the highest magnitude of
correlation with disability among all of
the cervical cord and brain MR imaging
measures (Table 5 and Fig 3). In the re-

o
o]

1 I I I I 1
00 10 20 30 40 50

Expanded Disability Status Scale

lated to ICV in the general population. In fact, in the present
study, the correlations between cervical cord measures and
ICV were only weak and not significant (data not shown).
Cervical T2-LV was measured on FSE T2WT rather than on
the short 7 inversion recovery (STIR) FSE sequence. It has
been shown that the STIR FSE sequence showed superiority
for investigation of lesions in the spinal cord compared with
FSE T2-weighted or conventional spin-echo T2-weighted se-
quences.”® Our original protocol did not contain the STIR
FSE sequence, though during the study this sequence was
added to the acquisition protocol. To ensure consistency be-
tween all of the participants, we used FSE T2WI for the calcu-
lation of T2-LV. Therefore, the cervical T2-LV could be some-
what underestimated in the present study. Because cervical T2
lesions were characteristically diffuse with difficult-to-identify
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gression model, CCAV by itself explained
47% of the variance in disability. BPF also
showed modest correlation with EDSS
(Table 5 and Fig 3) in the regression anal-
ysis, explaining by itself 22% of the variance in disability. Nu-
merous cross-sectional studies have shown that measurement
of the cord cross-sectional area is a useful measure for deter-
mining clinical disability.>*'*!>'®32 The results of the present
study establish CCAV, measured on 3D-T1 SPGR images, as a
robust correlate of disability in a heterogeneous group of MS
patients. Previous studies have shown a consistent correlation
between changes in the cord cross-sectional area and change in
disability in the mid-to-long term.'**° Longitudinal valida-
tion of our approach is currently under way. Other cervical
(CCF and cervical T2-LV) and brain MR imaging measures
(T1-LV and MPD) were related to disability in the present
study but failed to sustain their presence in the regression
analysis equation. Although numerous studies have used brain
and spinal cord imaging to investigate the interrelation be-
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tween the 2 body part modalities in predicting disabili-
ty,”!"**4% 3 unique contribution of this study is the use of an
additive variance regression approach for the modeling of
brain and cervical cord MR imaging measures. When both
CCAV and BPF measures were entered in the same model,
CCAV predicted 50% and BPF only 8% of the variance in
disability. Therefore, this study suggests that, in MS patients,
spinal cord damage is more significant in the development of
motor-related disability than overall brain damage.

Particularly striking were results in SP and PP MS patients.
CCAV by itself explained 65% of the variance in disability, and
BPF was not retained in the final regression model. This war-
rants the use of spinal cord imaging in phase II and III clinical
trials, at least in patients with SP and PP MS. In fact, a positive
effect of interferon-f treatments has been decisively estab-
lished in patients with MS. For example, in the Prevention of
Relapses and Disability by Interferon beta-1a Subcutaneously
in Multiple Sclerosis (PRISMS) study, a positive effect of sub-
cutaneous interferon-1a was found both on brain MR imag-
ing and clinical markers of disease activity.*' However, no ef-
fect on the spinal cord was found in a subgroup of patients
from the PRISMS and Secondary Progressing Efficacy Clinical
Trial of Recombinant Interferon-B-1a in MS studies.”® An-
other study using intramuscular interferon-B1lafailed to find a
positive effect on the cervical cord in PP MS.** Neuroprotec-
tive agents, such as riluzole, appear to be more effective in
reducing the rate of cervical cord atrophy in the short term.*

In summary, proposed 3D cervical cord atrophy measure-
ment is highly related to the detection of clinical disability and
provides valuable additional information not obtainable from
brain MR imaging metrics.
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