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Diffusion Tensor Imaging in Multiple Sclerosis:

Assessment of Regional Differences in the Axial
Plane within Normal-Appearing Cervical Spinal
Cord

BACKGROUND AND PURPOSE: Evaluation of the spinal cord is important in the diagnosis and follow-up

ORIGINAL
RESEARCH

S.M. Hesseltine

M. Law of patients with multiple sclerosis. Our purpose was to investigate diffusion tensor imaging (DTI)
J. Babb changes in different regions of normal-appearing spinal cord (NASC) in relapsing-remitting multiple

’ sclerosis (RRMS).

M. Rad

S. Lopez METHODS: Axial DTI of the cervical spinal cord was performed in 24 patients with RRMS and 24 age-
’ and sex-matched control subjects. Fractional anisotropy (FA) and mean diffusivity (MD) were calcu-
Y. Ge lated in separate regions of interest (ROls) in the anterior, lateral, and posterior spinal cord, bilaterally,
G. Johnson and the central spinal cord, at the C2-C3 level. Patients and control subjects were compared with

respect to FA and MD with the use of an exact Mann-Whitney test. Logistic regression and receiver
operating characteristic (ROC) curve analysis assessed the utility of each measure for the diagnosis of
RRMS.

R.l. Grossman

RESULTS: DTI metrics in areas of NASC in MS were significantly different in patients compared with
control subjects; FA was lower in the lateral (mean + SD of 0.56 + 0.10 versus 0.69 * 0.09 in control
subjects, P < .0001), posterior (0.52 = 0.11 versus 0.63 = 0.10, P < .0001), and central (0.53 = 0.10
versus 0.58 = 0.10, P = .049) NASC ROls. Assessing DTl metrics in the diagnosis of MS, a sensitivity
of 87.0% (95% confidence interval [Cl], 66.4 to 97.1) and a specificity of 91.7% (95% Cl, 73.0 to 98.7)
were demonstrated.

CONCLUSION: The NASC in RRMS demonstrates DTl changes. This may prove useful in detecting
occult spinal cord pathology, predicting clinical course, and monitoring disease progression and
therapeutic effect in MS.

Evaluation of the spinal cord has become increasingly impor-
tant in both the diagnosis and follow-up of multiple sclerosis
(MS), in that changes in the spinal cord function of patients with
MS have been shown to correlate with clinical disability."* The
mechanism by which MS affects the normal-appearing spinal
cord (NASC) is unknown and may relate to Wallerian degenera-
tion, a primary ischemic/vasculitic process, or early local demy-
elination. Diffusion tensor imaging (DTI) shows promise as a
technique for the evaluation of the cervical spinal cord® and may
be able to detect changes in NASC that precede detectable spinal
cord signal intensity change and volume loss in patients with MS.
Changes in patients with MS have recently been detected in the
cervical spinal cord with the use of sagittal DTI technique and
evaluating large regions of interest (ROIs) with the use of histo-
gram analysis.*> However, it is generally accepted that lesions in
primary demyelination have a predilection for the posterior col-
umns of the spinal cord®; therefore, analysis of DTT metrics in
different regions of the spinal cord may demonstrate spatial dif-
ferences. In this study, we used axial DTT to evaluate focal regions
of the NASC corresponding to the known location of various
white matter tracts, comparing DTI metrics of patients with re-
lapsing-remitting MS (RRMS) to those of age- and sex-matched
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normal volunteers. Our primary hypothesis was that changes in
DTI metrics are present in the NASC in the setting of RRMS. Our
secondary hypothesis was that spatial information obtained with
axial DTI will improve the sensitivity and specificity of DTT in
the detection of MS compared with the mean of metrics or the
interrogation of large ROIs, thereby illustrating the impor-
tance of investigating different spinal cord tracts.

Methods

Subjects. We studied 24 patients with RRMS referred to our ter-
tiary care hospital as part of ongoing research. There was no clinical
suspicion of an acute MS attack in any of the patients at the time of
imaging. The mean patient age was 46.4 years (range, 29.6—68.8 years;
median, 48.1 years). There were 18 female and 6 male patients. We
also studied 24 age- and sex-matched healthy volunteers using the
same protocol, as described below. The mean age of the healthy vol-
unteers was 46.4 years (range, 28.1-67.3 years; median, 45.9 years,
P = .8). Approval for this study was obtained from the Institutional
Board of Research Associates.

MR Imaging. MR imaging of the cervical spine was performed at
1.5T. Localizing sagittal and coronal T1-weighted imaging was ob-
tained followed by turbo spin-echo sagittal T1- and T2-weighted im-
aging, as well as axial turbo spin-echo T2-weighted and spin-echo
T1-weighted imaging. Axial DTI of the upper cervical spinal cord was
then performed using pulsed gradient, spin-echo, echo-planar imag-
ing (repetition time [TR]/echo time [TE], 2000/74; matrix, 128 X
128; field of view, 140 X 140 mm; 10 contiguous 4-mm sections; b =
1000 s/mm?; acquisition time, 2 minutes, 20 seconds). Diffusion
weighting was applied along 6 noncollinear axes, (*£1, 1, 0), (%1, 0,
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1),and (1, =1, 0). A seventh null image without diffusion weighting
(b = 0) was also obtained for each section. The pixel size was 1.1 X 1.1
mm?. The DTI imaging plane was parallel to the conventional axial
images, perpendicular to the long axis of the spinal cord.

Image Processing. Quantitative analysis of DTI data were per-
formed using Leonardo VD10B software on a Syngo VX49B imag-
ing software platform (Siemens Medical Solutions, Erlangen, Ger-
many). DTT maps were generated by the DTT task card developed
at the Magnetic Resonance Center of Massachusetts General Hos-
pital (Boston, Mass). Mean diffusivity (MD) and fractional isot-
ropy (FA) were calculated for each voxel from the eigenvalues A, as
follows:

Mo A+ A
3

FA = 3 ()\1_);)2+()\2_X)2+()\3_x)2
“\2 N+ A+ A2

Gray-scale maps of these DTI metrics were generated from which the

MD =)=

FA and MD can be measured in specific ROIs. For each patient, FA
and MD were measured in ROIs placed in NASC at the anterior,
lateral, and posterior regions of the spinal cord at the C2—C3 vertebral
level, with separate bilateral ROIs at each of these positions (Fig 1). To
approximate the known locations of the spinothalamic tracts anteri-
orly and posterior columns posteriorly, and to allow for consistent
placement in patients with varying cord morphology, the anterior and
posterior ROIs were placed in a paramidline location. A small dis-
tance was maintained between the ROIs and the edge of the cord to
minimize volume averaging with the adjacent CSF. The lateral ROIs
were placed to approximate the location of the corticospinal tracts. A
seventh, larger ROI was also placed centrally within the cord, covering
the expected location of both gray and white matter.

The FA metrics in each ROI, respectively, are henceforth referred to as
FA nitefo FA FA FA FAtes FArigho and FA -

ant,right post,left>
wral. The mean FA, FA ..., was calculated by using these 6 metrics, ap-

post,right>

proximating the overall FA of spinal cord white matter tracts. MD met-
rics are referred to in a similar fashion, with the mean MD, MD__....,
calculated as well. Metrics in the larger central ROI are referred to as
FA vt a0d MD .1 Tespectively.

Statistical Analysis. The data for each subject consisted of 1 FA and 1
MD measure within each of 7 spinal cord ROIs at the C2-C3 level (cen-
tral, left and right anterior, left and right posterior, left and right lateral),
each measure computed as the average overall voxels within the respec-
tive region of interest, as well as the average FA and the average MD
overall ROIs except the central. Patients and control subjects were com-
pared with respect to the FA and MD measures in each location with the
use of an exact Mann-Whitney test. Logistic regression and receiver op-
erating characteristic (ROC) curve analysis was used to assess the utility of
the regional and average FA and MD measures for the diagnosis of RRMS
after accounting for patient age and sex. To assess and compare the rela-
tive utility of FA versus MD and the regional versus the average measures,
stepwise variable selection was used in the context of the logistic regres-
sion analysis to identify a subset of significant and independent predic-
tors of disease status (RRMS versus control) from among: case 1, all
available FA measures; case 2, all FA measures except the mean (to assess
whether the regional assessments are sufficient); case 3, all available MD
measures; case 4, all regional MD measures; case 5, all available FA and
MD measures together. The diagnostic prediction models identified by
the 5 cases were pairwise compared in terms of area under the ROC curve
(AUC) by using a jackknife procedure. All statistical computations were
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Fig 1. Diagram of the cervical spinal cord in cross-section (A) showing regions of interest
(ROIs) placed for the measurement of fractional anisotropy (FA) and mean diffusivity in the
anterior, lateral, and posterior spinal cord, bilaterally.

B, Color FA map obtained in control patient at the C2-C3 level.

C, The corresponding black and white FA map is shown with ROIs placed, including a
central region of interest. Values have been scaled by a factor of 1000.



Table 1: Average fractional anisotropy and mean diffusivity in regions of interest in the anterior, lateral, posterior, and central spinal cord at
the C2-C3 level, in 24 patients with multiple sclerosis and 24 age- and sex-matched normal volunteers

Anterior Lateral Posterior
Left Right Left Right Left Right Central

Fractional anisotropy

Cases (n = 24) 0.50 = 0.12 0.50 = 0.12 0.56 = 0.12 0.55+0.10 0.52 = 0.1 052 =0.12 0.53 +0.10

Controls (n = 24) 0.51 +£0.09 0.49 +0.10 0.69 +0.11 0.69 +0.10 0.63 +0.11 0.64 +0.11 0.58 +0.10

P values 63 67 <.0001 <.0001 001 .001 .05
Mean diffusivity (X107° mm~2s~")

Cases 092 021 0.99 +0.30 091 +0.29 092 +0.26 092 +0.22 092 +0.24 0.89 +0.18

Controls 0.86 +0.17 0.86 = 0.17 0.79 £0.16 0.75 +0.25 0.80 = 0.11 0.81 £0.12 081 +0.14

P values 33 .06 .06 02 .03 .06 077

Table 2: Three models for the prediction of multiple sclerosis

Model Effect df Wald Chi-Square P Value
1 Sex* 1 2.5362 113
Age* 1 0.8098 .3682
FA nean 1 8.5093 .0035
FA e, right 1 7.3482 .0067
FAsentral 1 45314 .0333
2 Sex* 1 0.8292 .3625
Age* 1 0.0219 8823
FA e, right 1 4.8448 0277
FA Lt 1eft 1 13.6320 .0002
3 Sex* 1 0.0031 .9555
Age* 1 0.0008 9776
MD 1 5.1438 .0233

lat, right

Note:—fFA indicates fractional anisotropy; MD, mean diffusivity; subscripts ant and lat,
anterior and lateral; df, degrees of freedom.
*Forced into model.

performed by using SAS version 9.0 (SAS Institute, Cary, NC) and
results were declared statistically significant at the 2-sided 5% signif-
icance level.

Results

DTI metrics were calculated at the C2-C3 spinal level within a
total of 168 ROIs in 24 patients with MS as well as 168 ROIs in
24 age- and sex-matched healthy volunteers. Table 1 shows the
mean FA and MD in the various regions of the spinal cord. FA
was significantly lower in the lateral, posterior, and central
spinal cord ROIs in the patients with MS compared with con-
trol subjects. MD was higher in all regions of the ROIs in the
patients with MS, failing to meet statistical significance except
in the right lateral and left posterior ROIs (Table 1). Evalua-
tion of conventional imaging revealed no T2 hyperintense le-
sions in the region of DTT interrogation in any of the patients.

Logistic regression analysis in the 5 cases (see Statistical Anal-
ysis, above) returned a total of 3 distinct prediction models: cases
1 and 5 resulted in a model based on FA,,.., FA, igno and
FA cnral (model 1); case 2 resulted in a model based on FA, ¢ igh
and FA}, ;s (model 2); and cases 3 and 4 resulted in a model
based on MD, ;4. (model 3). Results are summarized for each
of these 3 prediction/diagnostic models in Table 2. The most ac-
curate model, based on FA,,,c. FAnrigho and FA ¢ (model
1), demonstrates a sensitivity of 87.0% (95% confidence interval
[CI], 66.4 to 97.1) and a specificity of 91.7% (95% CI, 73.0 to
98.7) .

Pairwise comparison of model 1 with a model that used
only FA .., showed a significantly higher AUC for the former
(Fig 2A, AUC = 0.928 and 0.748, respectively, P = .012).
Comparison of model 1 with a model that used only FA_ ;a1

also showed a significantly higher AUC for model 1 (Fig 2B,
AUC = 0.928 and 0.654, respectively, P = .001). Model 1,
which uses only FA measures, also showed a significantly
higher AUC than model 3, which uses only MD,, ;g (AUC =
0.928 and 0.879, respectively, P = .001). Model 2, which also
uses spatial FA measures, showed a significantly higher AUC
than model 3 (AUC = 0.879 and 0.669, respectively, P = .008).
None of the FA and MD measures exhibited a significant as-
sociation with age (P > .15). This was true for the data as a whole
(data from both patients and control subjects included in one
analysis) as well as when the data from patients and control sub-
jects were analyzed separately. Scatterplots of the diffusion tensor
metrics versus age in the control group are shown in Fig 3.

Discussion
The current recommended radiologic diagnostic criteria for
MS involve assessing the number and location of brain and
spinal cord lesions, as well as presence of enhancinglesions, on
MR imaging.” However, in clinical practice, patients often
present with clinically suspected MS, with conventional MR
findings that fail to meet criteria for diagnosis. Furthermore,
MS is a disease that affects both the brain and spinal cord,
including areas of gray matter and white matter that appear
normal on conventional MR imaging.®'® In recent years,
changes in both normal-appearing gray matter (NAGM) and
normal-appearing white matter (NAWM) in the brain have
been demonstrated with the use of advanced MR techniques
such as dynamic perfusion imaging, MR spectroscopy, and
magnetization transfer, as well as DTL''"'® These findings may
prove clinically useful in the radiologic diagnosis of MS in
patients with equivocal findings at conventional MR imaging.
In this cross-sectional case-control study, we have shown the
ability of axial DTI to detect occult changes in the cervical
spinal cord. In future investigations, DTI (in combination
with other MR imaging techniques such as spectroscopy and
perfusion MR imaging) may provide insight into whether the
pathophysiology of MS within the spinal cord is related to
Wallerian degeneration or a primary ischemic phenomenon.

In the diagnosis of RRMS by using DTI metrics from the
NASC, we have found that models using spatial DTT metrics
are significantly more accurate than models using the mean of
metrics or central cord interrogation alone; we also found that
models that used FA were superior to those that used MD.
These findings serve to illustrate the importance of spatial in-
formation in DTT evaluation of the spinal cord.

DTI measures free diffusion of water molecules, with direc-
tional information obtained by applying diffusion gradients
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Fig 2. Receiver operating characteristic (ROC) curve for diagnostic model using fractional anisotropy (FA)ean, FAangright: @d FAceqs (Model 1, solid line in 2A and 2B, area under ROC
curve (AUC), 0.928; 95% confidence interval [CI], 0.813 to 0.982), showing a significantly higher AUC compared with a model using only FA,.., (24, thick dotted line, difference between
AUCs = 0.180, P = .012) as well as a model using only FA i (2B, thick dotted line, difference between AUCs = 0.274, P = .001). In other words, the best performing test is one

in which multiple ROIs provide spatial information.
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Fig 3. Diffusion tensor imaging (DTI) metrics of healthy patients within ROls placed in the anterior, lateral, and posterior spinal cord (bilaterally, with 2 data points per location per patient)
at the C2-C3 level. Fractional anisotropy (FA) versus age (A) and mean diffusivity (MD) versus age (B). None of the FA or MD measures exhibited a significant association with patient

age (P> .15).

along 6 or more noncollinear directions. In that the free diffusion
of water molecules is hindered by factors including cell mem-
branes and myelin, DTI has shown theoretic promise in detecting
and evaluating the integrity of white matter tracts; in animal
models, DTI metrics in the various spinal cord tracts have been
shown to correlate with specific histologic measures including
axon counts, extracellular and myelin volume, and axon diame-
ter and spacing.’

Bot et al'® have investigated the spinal cords of patients
with MS postmortem using high-field MR imaging with his-
topathologic correlation. At histopathology, they demon-
strated significant axonal loss, increase in axonal diameter,
and decreased myelin attenuation in NASC of patients with
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MS. A strong correlation between demyelination and quanti-
tative MR imaging parameters (T1 and T2 relaxation times
and magnetization transfer measurements) was demonstrat-
ed; however, these parameters were insensitive to changes in
axonal attenuation. The researchers also suggested that the
decrease in spinal cord area seen in MS may relate to demyeli-
nation in addition to axonal attenuation, potentially limiting
the utility of this quantitative technique in the assessment of
axonal damage. Given these postmortem findings as well as
the histopathologic correlation in animal models, it is plausi-
ble that the measurement of DTI metrics may prove superior
to other quantitative techniques in the quantification of ax-
onal pathology. In addition, DTT may prove superior to mea-



surement of spinal cord area in evaluating axonal damage,
though the latter technique of atrophic measure has been
shown to correlate significantly with patient disability."

In formulating quantitative diagnostic criteria for MS by using
DTI metrics, DTI interrogation of the NASC may be more useful
than interrogation of regions of signal intensity abnormality.
Changes in DTI metrics have been demonstrated within focal
spinal cord plaques.”® However, these findings are nonspecific;
similar changes in DTI metrics have also been demonstrated in
regions of signal intensity abnormality in patients with myeloma-
lacia secondary to chronic spondylotic spinal cord compres-
sion.”"** Furthermore, changes seen in the regions of spinal cord
plaques, which probably reflect only the local effects of MS, may
not relate to patient morbidity as well as changes seen in NASC,
which are likely reflect both the local effects of MS and indirect
effects related to brain lesions. In a large cross-sectional postmor-
tem study, Evangelou et al** suggested axonal degeneration or an
alternative atrophic process as the primary contributor to spinal
cord atrophy in MS, rather than local lesion load; the researchers
also suggested that spinal cord atrophy in MS is more prominent
in the cervical and upper thoracic spinal cord as opposed to the
lower spinal cord. Bergers et al** similarly demonstrated exten-
sive axonal loss in postmortem analysis of the spinal cords of
patients with MS, largely independent of local lesion load seen at
T2-weighted MR imaging.**

Clinical diffusion-weighted imaging and DTI of the cervi-
cal spinal cord remains technically difficult. The small size of
the spinal cord necessitates the employment of small voxel
sizes for spatial resolution at the expense of signal intensity—
to-noise ratio. Images may be degraded because of macro-
scopic motion related to CSF pulsation, patient breathing, or
gross patient motion. Local field inhomogeneity also contrib-
utes to image degradation. Echo-planar DTI can be performed
in a reasonable amount of time for clinical use, and single-shot
technique may limit the adverse effect of in-plane bulk motion
to some extent. In the future, new techniques using parallel
imaging,” as well as pulse-triggering or cardiac gating, should
further minimize image degradation.

In the analysis of DTT maps, care must be taken to avoid
including CSF in the ROIs, which would produce a misleading
change in DTT metrics (decreased FA and increased MD). To
guard against this effect in this study, we correlated the DTI maps
with conventional images when placing ROIs. The calculated SDs
of the DTI metrics within the individual ROIs remained relatively
low, implying a homogenous sample and rendering CSF partial
volume-averaging effects less likely to be present. Given the
known normal morphometry of the cervical spinal cord in cross
section as well as the resolution of our technique, it is likely that
some gray matter was included in the anterior spinal cord ROIs
(Fig 1A). This may explain the relatively lower FA seen in the
anterior spinal cord in both the patients with MS and in the con-
trol group, as well as explain the decreased ability of metrics mea-
sured in this region to discriminate disease from control groups.
The ability to resolve the anterior and anterolateral spinal cord
tracts from both gray matter and CSF may improve as higher-
resolution techniques at higher field strength become available.

Conclusion
FA was significantly lower in the NASC of patients with MS in
the lateral, posterior, and central cord compared with control

subjects. The measurement of DTI metrics in the cervical spi-
nal cord may prove useful in aiding the diagnosis of MS, cor-
relating with clinical disability, as well as monitoring disease
progression and therapeutic effect.
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