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Spinal cord tract diffusion tensor imaging
reveals disability substrate in
demyelinating disease

ABSTRACT

Objective: This study assessed the tissue integrity of major cervical cord tracts by using diffusion
tensor imaging (DTI) to determine the relationship with specific clinical functions carried by those
tracts.

Methods: This was a cross-sectional study of 37 patients with multiple sclerosis or neuromyelitis
optica with remote cervical cord disease. Finger vibratory thresholds, 25-foot timed walk
(25FTW), 9-hole peg test (9HPT), and Expanded Disability Status Scale were determined. DTI
covered cervical regions C1 through C6 with 17 5-mm slices (0.9 3 0.9 mm in-plane resolution).
Regions of interest included posterior columns (PCs) and lateral corticospinal tracts (CSTs). Hier-
archical linear mixed-effect modeling included covariates of disease subtype (multiple sclerosis vs
neuromyelitis optica), disease duration, and sex.

Results: Vibration thresholds were associated with radial diffusivity (RD) and fractional anisotropy
(FA) in the PCs (both p, 0.01), but not CSTs (RD, p5 0.29; FA, p5 0.14). RD and FA in PCs, and
RD in CSTs were related to 9HPT (each p , 0.0001). 25FTW was associated with RD and FA in
PCs (p , 0.0001) and RD in CSTs (p 5 0.008). Expanded Disability Status Scale was related to
RD and FA in PCs and CSTs (p,0.0001). Moderate/severe impairments in 9HPT (p50.006) and
25FTW (p5 0.017) were more likely to show combined moderate/severe tissue injury within both
PCs and CSTs by DTI.

Conclusions: DTI can serve as an imaging biomarker of spinal cord tissue injury at the tract level.
RD and FA demonstrate strong and consistent relationships with clinical outcomes, specific to the
clinical modality. Neurology� 2013;80:2201–2209

GLOSSARY
9HPT 5 9-hole peg test; 25FTW 5 25-foot timed walk; CST 5 corticospinal tract; DTI 5 diffusion tensor imaging; EDSS 5
Expanded Disability Status Scale; FA 5 fractional anisotropy; MD 5 mean diffusivity; MS 5 multiple sclerosis; MTR 5
magnetization transfer ratio; NMO 5 neuromyelitis optica; PC 5 posterior column; RD 5 radial diffusivity; ROI 5 region of
interest.

Spinal cord injury often leads to substantial disability in multiple sclerosis (MS) and neuromyelitis
optica (NMO).1–4 Weakness and loss of proprioception can impair ambulation and diminish
functional independence. Spinal cord involvement is frequent in MS, noted in .80% by MRI
and up to 99% at autopsy.1,3 Progressive MS is associated with spinal cord axonal loss due to direct
injury within lesions, along with upstream and downstream neurodegeneration.5–7 NMO likewise
affects the cord, with pathology characterized by severe axon injury, demyelination, and necrosis.4

Despite the critical contribution of spinal cord disease to clinical disability and disease progression,
tools to measure spinal cord injury are limited.8

Diffusion tensor imaging (DTI) is especially valuable to assess CNS white matter because of its
sensitivity to the directionality and integrity of anisotropic tissues. Axial diffusivity (AD) represents
the principal eigenvalue within a voxel, and radial diffusivity (RD) represents the average of 2 per-
pendicular eigenvalues. RD has demonstrated strong correlations with clinical and lesion-based
outcomes within the brain and optic nerve.9,10 Imaging of the spinal cord has particular advantages
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for elucidating structure-function relationships
because the cord contains discrete tracts carry-
ing clinically relevant and distinct systems.

Herein, we describe the clinical translation of
a cervical cord DTI protocol by using region-
based, tract-centric analyses in subjects with
prior transverse myelitis due to MS or NMO.
Posterior columns (PCs) and lateral corticospi-
nal tracts (CSTs) were analyzed by DTI and
compared with quantitative measures of vibra-
tion threshold, upper extremity function, ambu-
lation, and disability. Our main hypothesis was
that DTI, as an imaging biomarker of tissue
integrity, could differentiate the level of residual
function in patients with remote inflammatory
spinal cord disease. We speculated that tissue
injury in both lateral and posterior tracts would
limit plasticity and compensation, resulting in
greater disability compared with severe tissue
injury within either CST or PC alone.

METHODS Standard protocol approvals and patient
consents. This cross-sectional study was approved by theWashington

University Human Research Protection Office/Institutional Review

Board, and all subjects provided written informed consent.

Subject protocol. Subjects with MS or NMO spectrum disorder

with symptoms, signs, and imaging evidence of cervical spinal cord

lesions were recruited from an academic MS center.11,12 Cervical

involvement was based on characteristic symptoms (e.g., Lhermitte

sign, upper extremity weakness, or upper extremity sensory symptoms)

and confirmed by cervical T2-weighted MRI. Patients, aged 18–70

years, were clinically stable and were at least 12 months since their last

relapse. Subjects with poor vision, brainstem signs, or cerebellar signs

were excluded to prevent confounding of clinical testing (e.g., 9-hole

peg test [9HPT]). Clinical brain MRI scans were reviewed to confirm

no more than mild cerebral disease burden (,2.5 cm3 T2 lesion

burden). Fifteen healthy subjects were also included.

Clinical testing. The Expanded Disability Status Scale (EDSS)

score was determined by a Neurostatus-certified neurologist

(A.H.C. or E.C.K.). The 25-foot timed walk (25FTW) and

9HPT were performed per protocol. Vibratory threshold of the

upper extremity was measured at each second distal interphalangeal

joint by the Computer Aided Sensory Evaluator (CASE IV; WR

Medical Electronics Co., Maplewood, MN), an automated device

for determining the just noticeable difference by a 125-Hz vibratory

threshold using 25 discrete levels of stimulation, ranging from 0 to

350 mm of displacement.13

Image acquisition and registration. DTI acquisition and pro-
cessing have been previously detailed.14 Briefly, diffusion-weighted

images were collected with a multi–b-value scheme (4 averages of 25

unique directions and b values; bmean 5 600 s/mm2) at 3 T (Trio;

Siemens, Erlangen, Germany) by using a cardiac-gated, reduced

field of view, single-shot spin-echo echoplanar imaging sequence

with voxel size of 0.9 3 0.9 3 5 mm. Three separate slice groups

(C1-C2, C3-C4, and C5-C6), each consisting of 6 axial slices, were

acquired over 45 minutes. After 2-dimensional registration, a

model-based outlier rejection procedure reduced physiologic noise.

Regions of interest and image quality control. Regions of
interest (ROIs) for CSTs and PCs were determined by quartering

the cord through the central gray matter on the basis of the frac-

tional anisotropy (FA) map and b0 image. White matter tracts were

defined in posterior and lateral regions, excluding 1 or 2 layers

of voxels at the borders (figure e-1 on the Neurology® Web site at

www.neurology.org).15 A “whole” axial slice ROI included the

entire cord (white and gray matter). The rostral-most slice within

C1 was removed because of confounding CST crossing fibers, and

additional ROI inclusion criteria were a signal-to-noise ratio .20

and ,2.0 mm of translational motion. The mean signal-to-noise

ratio across all cord slices for normal subjects was 24.1 (95%

confidence interval, 22.9–25.4). After application of these

predefined scan quality criteria on an ROI-by-ROI basis (68

ROIs per subject), 67.1% of the ROIs were retained for analysis,

with 3 of the 37 subjects excluded and 1 of the 15 controls excluded

because of insufficient quality. Of the 34 subjects and 14 controls

retained, a median 77.8% (range, 12.2%–100%) of ROIs were

used for modeling.

Statistical analyses. After proper transformation of DTI indi-

ces, a hierarchical linear mixed-effect model analyzed DTI values

within each tract, accounting for multiple measurements at each

slice, different values between left and right sides, and nested val-

ues within an individual. Thus, each patient had up to 68 ROIs

(17 slices, 2 tracts, and 2 sides), with appropriate adjustment for

multiple measures. Model covariates included sex, duration from

diagnosis, and disease (MS or NMO). A sample size of 36 would

detect an 18% difference in AD and RD between good and poor

recovery groups at 0.80 power and 0.05 significance. Means were

calculated from the mixed-effect model with 95% confidence in-

tervals based on maximum likelihood estimation. EDSS clinical

outcomes were categorized as normal/mild disability (0–3.0),

moderate disability (3.5–5.5), and severe disability ($6.0). Both

25FTW and 9HPT were categorized on the basis of SDs from a

published normative healthy control population, into normal

(,2 SD), mildly abnormal (2–4 SD), and moderately to severely

abnormal (.4 SD).16,17 Weighted least-squares estimation was

used to determine the interactions of CST and PC tracts to result

in normal/mild or moderate/severe impairments.

RESULTS Demographics. The 37 subjects included
26 with MS and 11 with NMO, with a median EDSS
score of 2.5 (range, 1.0–8.0) and a median disease
duration of 3 years (range, 1–29 years; table 1).

Vibratory thresholds are specific to posterior column

DTI parameters. Because vibration sensation is carried
exclusively in PCs, upper extremity vibration sense was
used to assess the specificity of DTI tract measurements.
As anticipated, PC DTI was associated with quantitative
vibratory thresholds when analyzing PCs throughout the
cervical cord (figure 1; RD, p5 0.007; FA, p5 0.006;
mean diffusivity [MD], p 5 0.048; AD, p 5 0.44) or
even when analyzing the 3 worst contiguous slices by
DTI (RD, p 5 0.007; FA, p 5 0.026; MD, p 5

0.0020; AD, p 5 0.34). Notably, vibration sensation
bore no relationship to CST DTI parameters (RD, p5
0.29; FA, p 5 0.14; MD, p 5 0.82; AD, p 5 0.20).
Vibration sensation also did not consistently correspond
to DTI of the whole axial slice (RD, p5 0.15; FA, p5
0.90; MD, p 5 0.16; AD, p 5 0.027).
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9HPT correlated with DTI parameters within CSTs and

PCs. Aworse performance on 9HPTwas strongly related
to increased RD and decreased FA within PCs, CSTs, or
the whole axial slice (all p , 0.0001; figure 2, A and B,
and table e-1). Increased AD of CST (p5 0.019) and
PC (p 5 0.060) and increased MD of CST (p 5

0.012) generally indicated a worse performance in
9HPT (table e-1). However, FA and RD were each
more consistent overall and better separated clinical
categories. Decreased mean FA differentiated normal
9HPT times from mildly abnormal and differentiated
mildly abnormal from moderately/severely abnormal
groups for each tract. FA of PCs differentiated normal
(0.780; 95% confidence interval, 0.771–0.788) from
mildly reduced 9HPT times (0.759; 0.749–0.768),
and mild from moderate/severely reduced 9HPT times
(0.711; 0.699–0.722). FA of CSTs differentiated normal
(0.785; 0.777–0.793) frommildly reduced 9HPT times

(0.767; 0.759–0.775), and mild from moderate/severely
reduced times (0.742; 0.732–0.752). Likewise, mean
RD differentiated mildly abnormal from moderate/
severely abnormal 9HPT times for each tract—PCs
(mild, 0.342 mm2/ms [0.330–0.354 mm2/ms]; moder-
ate/severe, 0.398 mm2/ms [0.384–0.413 mm2/ms]) and
CSTs (mild, 0.321 mm2/ms [0.311–0.331 mm2/ms];
moderate/severe, 0.359 mm2/ms [0.347–0.372 mm2/
ms]). For analyses involving the whole axial slice, FA
and RD each differentiated mildly abnormal from
moderate/severely abnormal 9HPT times (table e-1).

25FTW correlated with DTI parameters in CSTs and

PCs. Similar results to those with 9HPT were found
when 25FTWs were measured. For PCs, worse ambu-
lation was associated with increased RD or decreased FA
(p , 0.0001; figure 2C). For CSTs, RD (p 5 0.008)
had a clearer association than FA (p 5 0.055; figure
2D).WhenDTI of whole axial slices was analyzed, both
RD and FA predicted 25FTW results (RD, p 5

0.0001; FA, p 5 0.0002; table e-1). Increased mean
RD within the PCs differentiated normal and mildly
abnormal categories frommoderately/severely abnormal
(normal, 0.326 mm2/ms [95% confidence interval,
0.316–0.337 mm2/ms]; mild, 0.343 mm2/ms [0.330–
0.356 mm2/ms]; moderate/severe, 0.397 mm2/ms
[0.383–0.410 mm2/ms]). Decreased mean FA in PCs
differentiated normal from mildly abnormal and
differentiated mild from moderate/severe categories
(normal, 0.777 [0.769–0.786]; mild, 0.755 [0.745–
0.765]; moderate/severe, 0.715 [0.705–0.726]).
Within the whole axial slice, RD and FA distin-
guished normal and mildly abnormal from moder-
ately/severely abnormal 25FTW times (table e-1).

FA and RD in CSTs and PCs differentiated EDSS

severities. As similarly demonstrated for 9HPT and
25FTW, increased RD and decreased FA differenti-
ated EDSS severity categories whether analyzing
PCs, CSTs, or the whole slice (all p , 0.0001; table 2).
Within CSTs, RD differentiated categories of normal/
mild (0–3.0) frommoderate (3.5–5.5) EDSS scores and
differentiated moderate from severe ($6.0) scores. FA
of CSTs differentiated both mild and moderate from
severe EDSS classifications. PC integrity based on FA
differentiated mild from moderate and moderate
from severe categories. RD of PCs differentiated mild
from moderate and severe scores. When the whole
axial cord slice rather than individual tracts was used,
both RD and FA differentiated mild EDSS scores
from moderate and severe.

Worse 9HPT and 25FTW times were associated with

combined injuries to PCs and CSTs. Analyses of DTI
data established a relationship to functional status
for RD and FA within both CSTs and PCs when each
tract was independently assessed. However, 9HPT,

Table 1 Baseline demographics

Variable

Disease subtype

MS NMO

No. subjects 26 11

Age, y, median (range) 42 (28–69) 38 (26–62)

Sex, F/M 18/8 10/1

Ethnicity

White 23 5

Black 3 6

Demyelinating subtype

CIS 2 —

RRMS 21 —

SPMS 2 —

PPMS 1 —

NMO — 11

Disease duration, y, median (range) 4 (1–29) 2 (1–7)

Years since last relapse, median
(range)

2 (1–13) 1 (1–7)

EDSS, median (range) 2.0 (1.0–8.0) 3.5 (1.5–8.0)

25-Foot timed walk, s, median
(range)

5.1 (3.3–300.0) 5.7 (2.9–300.0)

9-Hole peg test, s, median (range)

Dominant 21.0 (14.0–300.0) 22.70 (16.8–106.3)

Nondominant 21.5 (16.4–300.0) 26.34 (17.0–300.0)

CASE IV quantitative vibratory
threshold, median (range)

Right finger 9.8 (6.6–19.0) JND 12.4 (9.3–16.3) JND

Left finger 9.4 (5.5–14.4) JND 11.6 (9.4–14.0) JND

Abbreviations: CIS 5 clinically isolated syndromes; EDSS 5 Expanded Disability Status
Scale; JND 5 just noticeable difference by CASE IV vibration algorithm; MS 5 multiple
sclerosis; NMO 5 neuromyelitis optica; PPMS 5 primary progressive multiple sclerosis;
RRMS 5 relapsing-remitting multiple sclerosis; SPMS 5 secondary progressive multiple
sclerosis.
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25FTW, and EDSS represent integrated clinical
functions involving PC afferent and CST efferent
fibers. To determine how the integrity of these tracts
interacted in relation to clinical function, weighted
least-squares estimation evaluated at the individual
level whether subjects with moderate/severe clinical
dysfunction were more likely to have moderate/severe
tissue injury based on DTI in both PCs and CSTs,
compared with moderate/severe injury in CSTs alone
or PCs alone.

For 9HPT and 25FTW, subjects were clinically
classified into normal/mild (#4 SD from healthy con-
trols) vs moderate/severe (.4 SD from healthy con-
trols). For EDSS, subjects were dichotomized into
normal/mild (EDSS score 0–3.0) and moderate/severe
($3.5) impairments. Thresholds for tissue injury (nor-
mal/mild vs moderate/severe) were based on RD by the
model-estimated means (table 2 and table e-1).

Participants clinically classified as moderate/severe
included 22 by 9HPT, 26 by 25FTW, and 11 by
EDSS (table 3). For 9HPT, 18 of 22 with moderate/
severe dysfunction had combined moderate/severe
tissue injury by RD in both PCs and CSTs, whereas
4 of 22 had moderate/severe DTI abnormalities of
only one tract (3 moderate/severe by PCs alone and
1 moderate/severe by CSTs alone). None had mild
disease in both tracts (p5 0.006). Similarly, for those
26 with moderate/severe dysfunction on 25FTW,
18 of the 26 had moderate/severe increases in RD
for both PCs and CSTs (2 moderate/severe by PCs
alone, 2 moderate/severe by CSTs alone, and 4 mild
in both tracts; p5 0.017). For the 11 with moderate/
severe EDSS scores, 8 (73%) with a moderate/severe

EDSS score had combined tract injury (2 moderate/
severe by PC alone and 1 moderate/severe by CST
alone; p5 0.068). Thus, subjects with worse impair-
ments were more likely to have both PCs and CSTs
affected. Although combination tract injury was more
common with worse clinical outcomes, combination
injury was also observed in many with better clinical
outcomes (6 of 11 for 9HPT, 5 of 7 for 25FTW, and
12 of 22 for EDSS).

DISCUSSION Herein, results of DTI analyses of dis-
crete spinal cord tracts were shown to correlate with
specific clinical functions carried by these tracts. As
expected, reduced vibratory sense was specifically
related to abnormal RD and FA within the PCs,
whereas DTI parameters within the CSTs had no
apparent relation to vibration sense. The more integra-
tive neurologic functions tested by 9HPT, 25FTW,
and EDSS each showed a consistent relationship to
RD and FA within both PCs and CSTs. For 9HPT
and 25FTW, combined PC and CST injury was more
frequent in individuals with more disability compared
with when only one tract was affected.

This study is novel because it defines the clinical
utility of DTI in spinal cord injury at the tract level
in demyelinating diseases. Previously, evaluating the
relationship of tracts to clinical findings had been
shown only in MS by magnetization transfer ratio
(MTR), wherein CSTs were specifically correlated with
ankle dorsiflexion strength and walking velocity and
PCs were correlated with vibration sense.18 DTI and
MTR measure different phenomena. MTR is believed
to act as a surrogate of myelin by measuring the con-
centration of tissue macromolecules. Conversely, DTI
measures the directional hindrances to diffusion of
water molecules and, thus, provides information regard-
ing fiber orientation and tissue structure. More specif-
ically, RD within chronic lesions provides information
about myelin, axons, and the underlying tissue matrix;
AD in acute lesions within optic nerves can provide
information more specific to axon integrity.19 Whereas
both DTI and MTR are valid imaging biomarkers of
clinical function in spinal cord disease, the decision to
use either depends on the specific clinical question and
the timing of spinal cord injury.

This study found FA and RD to be the 2 DTI
parameters with the more robust associations with
clinical tests, and each provided high discrimination
among disease severity levels. In particular, RD was
a reliable parameter in this study of remote spinal
cord injury, consistent with our prior studies9,10 in
the optic nerve and brain. As in our other studies of
chronic inflammatory lesions, AD determined by
DTI was not as informative.19 Although AD was sig-
nificant for several relationships, the association was
not consistent and did not discriminate levels of

Figure 1 Radial diffusivity in cervical cord posterior columns by vibratory
threshold within the fingers

Plots of estimated means with 95% confidence intervals by generalized estimating equa-
tions. Radial diffusivity increases with worsening vibration perception scores. Plots of frac-
tional anisotropy were qualitatively similar. JND5 just noticeable difference; PC5 posterior
columns.

2204 Neurology 80 June 11, 2013



disability. This is perhaps due to loss of axons and
myelin, resulting in a relatively increased isotropic
component that counteracts detection of decreased
diffusivity within remaining axons. Also, AD may
reflect lesions distant to that site. MD also performed
inconsistently as a summary parameter within this
highly anisotropic tract. Summary parameters of FA
and MD may be more difficult to interpret within
tissues undergoing dynamic and complex changes,
compared with AD in acute injury and RD in chronic
lesions. Emerging diffusion-basis spectrum imaging
techniques may have advantages over DTI to separate
anisotropic tracts from isotropic components (tissue
loss, cells, edema, and gray matter) that may con-
found DTI results.20

This work examined the spinal cord by using
novel tract-level DTI analyses and expanded on pub-
lished DTI studies in MS focused on the spinal cord

as a whole. These prior investigations showed whole
cord DTI to be abnormal in MS, correlating with
worse vibration sense, hip flexor strength, and EDSS
score.21 Whole cord FA was more abnormal in pri-
mary progressive MS than relapsing MS.22–25 Not
unexpectedly, DTI parameters in MS and NMO
were more abnormal within spinal cord regions with
T2W lesions, compared with normal-appearing white
matter.15,26–29 In acute spinal cord injury due to MS,
RD of the whole cord has corresponded to disability
and recovery.30 DTI measures of the spinal cord can
be combined with other metrics, such as cord area,
MTR, and spectroscopy, to provide additional infor-
mation about clinical outcomes and underlying path-
ophysiology.18,31–34

Whereas CSTs are important for fine finger move-
ments, large-fiber PC tactile afferents are also critical
for coordinated and fine motor tasks (i.e., fastening

Figure 2 Fractional anisotropy in posterior columns and corticospinal tracts by 9HPT and 25FTW

Plots of estimated means with 95% confidence intervals by generalized estimating equations. (A) Fractional anisotropy (FA) within the corticospinal tracts
(CSTs) decreases as 9-hole peg test (9HPT) time increases (p, 0.0001). (B) FA within the posterior columns (PCs) decreases as time to complete the 9HPT
increases (p , 0.0001). (C) FA in CSTs decreases with increasing 25-foot timed walk (25FTW) times (p 5 0.055). (D) For 25FTW, FA in PCs decreases with
increasing ambulation time (p , 0.01). Plots of radial diffusivity were qualitatively similar.
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buttons and picking up coins).35,36 Accordingly, we
found that more than 80% of subjects with the most
difficulty performing the 9HPT had injury to both
PCs and CSTs on the basis of DTI.

Tract-level DTI permits investigation early in the
disease process when autopsy material is rarely avail-
able. For progressive MS, autopsy studies have shown
that significant PC axon loss often accompanies CST

Table 2 DTI parameters within each tract by EDSS severity

Control (n 5 16) 0–3.0 (n 5 24) 3.5–5.5 (n 5 7) ‡6.0 (n 5 6)
p Value,
NMO vs MSa p Valueb

Posterior columnsc

RD 0.339 (0.325–0.354) 0.337 (0.328–0.346)d 0.385 (0.367–0.404)d 0.418 (0.388–0.451) ,0.001 ,0.0001

AD 1.720 (1.686–1.752) 1.744 (1.723–1.764) 1.670 (1.630–1.708) 1.712 (1.656–1.765) 0.34 0.0047

MD 0.800 (0.784–0.815) 0.808 (0.798–0.818) 0.815 (0.797–0.833) 0.846 (0.817–0.874) 0.032 0.054

FA 0.765 (0.754–0.776) 0.765 (0.758–0.772)d 0.732 (0.718–0.746)d 0.691 (0.665–0.715)d ,0.0001 ,0.0001

Corticospinal tracts

RD 0.324 (0.312–0.337) 0.316 (0.308–0.323)d 0.341 (0.327–0.356)d 0.409 (0.381–0.438)d 0.65 ,0.0001

AD 1.675 (1.643–1.707) 1.694 (1.673–1.715) 1.646 (1.608–1.681) 1.622 (1.559–1.681) 0.033 0.012

MD 0.779 (0.764–0.794) 0.768 (0.758–0.777) 0.779 (0.762–0.795) 0.809 (0.783–0.836) 0.94 0.014

FA 0.777 (0.767–0.787) 0.777 (0.771–0.783) 0.765 (0.754–0.776)d 0.688 (0.665–0.710)d 0.95 ,0.0001

Whole slice

RD 0.421 (0.408–0.434) 0.415 (0.407–0.423)d 0.452 (0.438–0.467)d 0.471 (0.443–0.500) 0.025 ,0.0001

AD 1.524 (1.493–1.554) 1.523 (1.502–1.543) 1.498 (1.464–1.532) 1.565 (1.513–1.615) 0.0900 0.14

MD 0.793 (0.777–0.809) 0.787 (0.777–0.797) 0.799 (0.782–0.817) 0.845 (0.814–0.876) 0.082 0.0025

FA 0.663 (0.653–0.673) 0.669 (0.663–0.675)d 0.641 (0.629–0.652)d 0.639 (0.619–0.658) 0.012 ,0.0001

Abbreviations: AD 5 axial diffusivity; DTI 5 diffusion tensor imaging; EDSS 5 Expanded Disability Status Scale; FA 5 fractional anisotropy; MD 5 mean
diffusivity; MS 5 multiple sclerosis; NMO 5 neuromyelitis optica; RD 5 radial diffusivity.
ap Value for NMO vs MS covariate, controlling for the 2 diseases in the linear model. If p , 0.05, this indicates controlled differences in tract DTI between
the disease types.
bp Value for relationship of tract DTI to disability category, based on hierarchical linear mixed-effect models, controlling for sex, years from diagnosis, and
disease subtype (NMO vs MS).
cUnits for RD, MD, and AD are square millimeters per millisecond.
dAdjacent categories that do not overlap by 95% confidence intervals.

Table 3 Number of subjects with combination vs isolated PC and CST injury by DTIa

Variable
Posterior column injury
severity by DTI

Corticospinal tract injury
severity by DTI

No. subjects classified by each row of clinical function and
tract severity

9HPT 25FTW EDSS

Clinical function moderate/severe Moderate/severe Moderate/severe 18 18 8

Moderate/severe Mild 3 2 2

Mild Moderate/severe 1 2 1

Mild Mild 0 4 0

Total moderate/severe 22 26 11

Clinical function normal/mild Moderate/severe Moderate/severe 6 5 12

Moderate/severe Mild 2 2 5

Mild Moderate/severe 0 0 1

Mild Mild 3 0 4

Total mild 11 7 22

Abbreviations: 9HPT 5 9-hole peg test; 25FTW 5 25-foot timed walk; CST 5 corticospinal tract; DTI 5 diffusion tensor imaging; EDSS 5 Expanded
Disability Status Scale; PC 5 posterior column.
a The upper half of the table includes those with moderate/severe impairments based on 9HPT, 25FTW, and EDSS; the lower half includes those with no or
mild clinical impairment. The second and third columns refer to classification of tract tissue integrity based on DTI. The last 3 columns indicate the numbers
of subjects for each permutation of tract injuries. For example, the first row of data indicates that for those with moderate/severe clinical impairments,
combination moderate/severe injuries within PCs and CSTs were found within 18 subjects based on 9HPT, 18 by 25FTW, and 8 by EDSS.
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axon loss.6 Loss of proprioceptive functions carried in
the PCs can act together with weakness and spasticity
to further worsen gait. It has been reported that pos-
tural balance deficits in MS are highly associated with
slowed spinal somatosensory conduction, carried in the
PCs.37 DTI at the tract level can help elucidate the
in vivo substrates for the varied types of gait dysfunc-
tion resulting from spinal cord disease. Herein, mod-
erate or severe dysfunction of walking or by EDSS was
uncommonly associated with injury restricted to the
PCs or to the CSTs, whereas combined PC and CST
injuries were typically observed in these subjects (table
3). This finding suggests that these tracts may compen-
sate for one another to preserve ambulation. A signif-
icant number of patients had normal or only mild
clinical impairment on testing, despite moderate/severe
injury to both tracts by DTI. Future studies are needed
to determine whether good clinical scores in the setting

of combined tract injury will portend risk for future
disability or a progressive disease course.

One limitation of this study was lack of thoracic
cord DTI. An acceptable signal-to-noise ratio within
a reasonable scan time remains a challenge for thoracic
cord DTI because of deep location, small cross-sec-
tional area, and respiratory motion. We focused on
vibratory thresholds in the fingers to improve specific-
ity for the cervical cord. Another consideration was the
inclusion of 2 pathologically distinct inflammatory
demyelinating diseases, MS and NMO, necessitating
a covariate in the statistical model to account for their
differences. Finally, these results may not be generaliz-
able to those without cervical spinal cord disease.

These studies revealed that high-resolution spinal
cord DTI is feasible, specific to the tract, and associated
with metrics used in clinical trials and practice (i.e.,
EDSS and Multiple Sclerosis Functional Composite).
This study lends insight into the tract-specific sub-
strates of physical impairment. Moderate or severe dys-
function was most often observed when not only the
CSTs, but also the PCs, were involved, thus indicating
the importance of the PCs for upper extremity function
and gait. In MS and NMO, the frequent coinvolve-
ment of both tracts may be one reason for reduced
functional reserve. Tract-specific DTI may be useful
to assess new therapies aimed at neuroprotection and
enhancing neural repair, particularly in progressive
MS where other magnetic resonance measures (e.g.,
gadolinium-enhancing lesions) are less useful.
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Comment:
Functional neuroimaging may quantify spinal cord demyelinating
disease

Diffusion tensor imaging (DTI) allows studying and quantifying the normal
and diseased neuroarchitecture of the spinal cord (SC) by sampling the 3-dimensional
shape, magnitude, and direction of the mobility of water molecules in vivo. DTI
recently confirmed its value for the diagnostic workup of various SC pathologies,
including multiple sclerosis (MS).1

Naismith et al.2 extended these findings by confirming a correlation between
various high-end DTI scalars (fractional anisotropy [FA], mean diffusivity [MD],
axial diffusivity [AD], and radial diffusivity [RD]) and several clinical measures in
a cohort of patients with demyelinating diseases. Vibratory thresholds were asso-
ciated with FA and RD values in the posterior columns (PCs), but not in the
corticospinal tracts. FA and RD values in both the PCs and corticospinal tracts
were associated with the time of the 25-Foot Walk, the 9-Hole Peg Test, and the
Expanded Disability Status Scale. These findings confirm that loss of propriocep-
tive functions carried in the PC has a synergistic role with weakness and spasticity
in impaired motor functions.

Recently, Oh et al.3 showed that in a subgroup of patients with MS who had
low SC lesion counts, FA, MD, AD, RD, and magnetization transfer ratio (MTR)
values were more abnormal in the high-disability compared with the low-disability
subjects. In patients with high SC lesion counts, only FA, MD, and RD were more
abnormal in the high-disability compared with the low-disability patients. Because
MTR is a biomarker of myelin content, these findings suggest that in patients with
MS who have a high lesion count, axonal degeneration is primarily responsible for
the clinical disability. In patients with a low SC lesion count, both axonal degen-
eration and demyelination are causative.

These recent articles demonstrate that objective noninvasive functional imag-
ing (DTI/MTR) may give valuable insights about the character and degree of SC
injury in demyelinating diseases. Correct identification of the various etiologic
components of tissue injury may guide current and future treatment options.

1. Bosma RL, Stroman PW. Diffusion tensor imaging in the human spinal cord: devel-
opment, limitations, and clinical applications. Radiol Res Pract 2012;40:1–20.

2. Naismith RT, Xu J, Klawiter EC, et al. Spinal cord tract diffusion tensor imaging
reveals disability substrate in demyelinating diseases. Neurology 2013;80:2201–2209.

3. Oh J, Saidha S, Chen M, et al. Spinal cord quantitative MRI discriminates between
disability levels in multiple sclerosis. Neurology 2013;80:540–547.
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