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ABSTRACT

BACKGROUND AND PURPOSE: Loss of integrity in nonlesional white matter occurs as a fundamental feature of multiple sclerosis in
adults. The purpose of our study was to evaluate DTI-derived measures of white matter microstructure in children with MS compared with
age- and sex-matched controls by using tract-based spatial statistics.

MATERIALS AND METHODS: Fourteen consecutive pediatric patients with MS (11 female/3 male; mean age, 15.1 = 1.6 years; age range,
12-17 years) and age- and sex-matched healthy subjects (11 female/3 male; mean age, 14.8 = 1.7 years) were included in the study. After we
obtained DTI sequences, data processing was performed by using tract-based spatial statistics.

RESULTS: Compared with healthy age- and sex-matched controls, children with multiple sclerosis showed a global decrease in mean
fractional anisotropy (P = .001), with a concomitant increase in mean (P < .001), radial (P < .05), and axial diffusivity (P < .001). The most
pronounced fractional anisotropy value decrease in patients with MS was found in the splenium of the corpus callosum (P < .001). An
additional decrease in fractional anisotropy was identified in the right temporal and right and left parietal regions (P < .001). Fractional

anisotropy of the white matter skeleton was related to disease duration and may, therefore, serve as a diagnostic marker.

CONCLUSIONS: The microstructure of white matter is altered early in the disease course in childhood multiple sclerosis.

ABBREVIATIONS: AD = axial diffusivity; FA = fractional anisotropy; MD = mean diffusivity; RD = radial diffusivity; TBSS = tract-based spatial statistics

S most commonly occurs in adults in their late 20s and 30s,
but early onset in childhood and adolescence is increasingly
being diagnosed, with up to 10% of MS cases manifesting before
adulthood. Conventional MR imaging has become an essential
part of diagnostic decision making in MS. On MR imaging, chil-
dren tend to have fewer white matter lesions and less enhance-
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ment with gadolinium-based contrast agents." Lesion load has
been shown to correlate moderately with clinical outcome in lon-
gitudinal studies in children and adults.?

In addition to the above-mentioned localized lesions, white
matter microstructure is known to be altered in the macroscopi-
cally normal-appearing white matter.”> Advanced MR imaging
techniques such as DTT allow the evaluation of the microstructure
of the cerebral white matter by detecting subtle changes in the
magnitude and direction of water diffusion. White matter dam-
age is mainly reflected by a decrease in fractional anisotropy (FA)
and an increase in mean diffusivity (MD). MD consists of axial
diffusivity (AD) and radial diffusivity (RD), measuring diffusivity
parallel and perpendicular to the main axis of white matter tracts,
respectively.* Both parameters are purported to indicate myelin
and axonal injury.’ Recently, DTI studies in adult patients with
MS demonstrated axonal and myelin injury occurring much ear-
lier in the course of the disease than previously assumed.®”

Physiologic myelination is known to expand well into early adult-
hood in conjunction with cognitive, behavioral, emotional, and mo-
tor development.* ' Any pathology interfering with this process of
myelination is likely to affect white matter integrity as has been
shown in hypoxic-ischemic encephalopathy, former premature in-
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fants, and normal-pressure hydrocephalus.'' The onset of childhood
MS occurs within this vulnerable period of central nervous system
maturation. To date, only a few MR imaging studies have investi-
gated white matter microstructure in children with MS. These stud-
ies demonstrated decreased FA' or slightly increased mean diffusiv-
ity'? in the macroscopically unaffected white matter by using either
summary measures of the entire brain or a region-of-interest ap-
proach. Most recently, a study assessing major white matter tracts in
children with MS compared with children with a single demyelinat-
ing event showed a decrease in FA with a concomitant increase in
MD in patients with MS only.'*'>

Tract-based spatial statistics (TBSS) allows a coregistration of
likely white matter tracts to analyze multisubject diffusion tensor
data. For this purpose, subject data are projected on a mean FA
skeleton, which refers to the center of all tracts common to both
groups, before applying voxelwise between-group comparisons.'®
This technique permits an observer-independent voxelwise anal-
ysis of the main white matter tracts with a sensitivity to intergroup
differences, considering less across-subject FA variability. "'

The aim of our study was to evaluate DTI-derived measures of
white matter microstructure in children with MS compared with
age- and sex-matched controls by using TBSS.

MATERIALS AND METHODS

Subjects

This study was approved by the local institutional review board.
Oral and written informed consent was obtained from all partic-
ipants and their legal guardians.

Fourteen consecutive pediatric patients with MS (11 female/3
male; mean age, 15.1 * 1.6 years; age range, 12—17 years) were
included in the study. Inclusion criteria were an age younger than
18 years and a definite diagnosis of MS with a relapsing-remitting
course. Exclusion criteria consisted of MR imaging-related con-
traindications (eg, cardiac pacemakers, ferromagnetic implants,
or claustrophobia). All patients were clinically evaluated on the
basis of the Kurtzke Expanded Disability Status Scale.

MR imaging of age- and sex-matched healthy subjects (11 fe-
male/3 male; mean age, 14.8 = 1.7 years) was included from a
local data base of healthy volunteers; all volunteers had been im-
aged with the identical MR imaging protocol on the same MR
imaging scanner (Magnetom Verio; Siemens, Erlangen, Ger-
many). All volunteers underwent MR imaging for scientific pur-
poses only. Inclusion criteria were an age match to a patient in-
cluded in the MS cohort of 6 months and a sex match to the
respective patient. Exclusion criteria were any history of chronic
or ongoing medical conditions, intake of medication, a history of
traumatic brain injury (including mild traumatic brain injury), a his-
tory of headache disorders, a history of learning disorders, any his-
tory of other neurologic or psychiatric disorders, and structural brain
abnormalities on conventional MR imaging sequences.

Clinical Tests

As part of the clinical work-up, selected elements of standardized
tests were available for 13 of the 14 patients. Two parts of the
Multiple Sclerosis Functional Composite score were adminis-
tered: the right- and left-hand Nine-Hole Peg Test, to measure
upper extremity fine motor skills, and the Timed 25-Foot Walk
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Test, to assess the lower extremities. All values were compared
with normative data.'”'® All clinical scores were converted to z
scores. The z score indicates the deviation from the mean popu-
lation score. A zscore lying outside the 95% normal distribution is
considered abnormal. Screening of cognitive function was per-
formed with 2 subtests of widely used cognitive tests in 11 pa-
tients: the Trail-Making Test (subtests A and B)'® and the German
Leistungspriifungssystem (subtest 5) for verbal fluency.”® All
raw values were age-corrected for each patient according to
Helmstaedter et al,>' to receive an age-independent measure.

MR Imaging Acquisition

MR imaging of the brain was performed on a 3T scanner (Magnetom
Verio; Siemens Healthcare, Erlangen, Germany) by using a 12-ele-
ment phased-array head coil for both the patient cohort and the
healthy control subjects. The following structural sequences were ac-
quired for all subjects: 3D magnetization-prepared rapid acquisition
of gradient echo: TR, 11 ms; TE, 4.76 ms; FOV, 250 mm; voxel size,
1 X 1 X 1 mm?; iPAT (Siemens syngo software) acceleration factor,
2; sagittal sections covering the entire brain, 160; and FLAIR: TR, 94
ms; TE, 7000 ms; FOV, 220 mm; voxel size, 0.9 X 0.9 X 3 mm?;
distance factor, 10%; fat saturation; axial sections, covering the entire
brain, 45. A DTT sequence with 20 independent diffusion directions
and 3 averages was applied with the following parameters: b=0 and
1000 s/mm?; matrix size, 128 X 128 mm?; FOV, 230 X 230 mm?. The
resulting voxel size was 1.8 X 1.8 X 4.0 mm®. Thirty-six transverse
sections were acquired.

Image Analysis and Postprocessing

Evaluation of Lesions. All structural sequences were visually as-
sessed and graded by a board-certified neuroradiologist with >10
years’ experience in MR imaging of the brain.

DTI Analysis. Image data processing was performed by using the
TBSS approach implemented in FMRIB Software Library 4.19 (FSL;
http://www.fmrib.ox.ac.uk/fsl). Images were corrected for eddy cur-
rents due to changing gradient fields and head motion.** Brain masks
were created by using the Brain Extraction Tool in FSL.>* FA and
mean, axial, and radial diffusivity were calculated for each voxel. FA
data of all subjects were aligned to a common space by using the
FMRIB58 FA standard space with nonlinear registration.'® A mean
FA image and a mean FA skeleton were created, which corresponded
to the centers of all tracts common to the group (On-line Fig 1). The
white matter skeleton is, therefore, a representation of white matter
tract geometry, and fiber bundle centers are represented in the mean
skeleton. The threshold of the mean FA skeleton white matter mask
(shown as a green underlay) was set to an FA value between 0.2 and
0.8 to exclude voxels that consisted of gray matter or CSF. The voxel
size was set to 1 X 1 X 1 mm Montreal Neurological Institute space.
The obtained binary skeleton mask determined all subsequent pro-
cessing steps.

FA values of each subject were then projected onto the mean
FA skeleton. A voxelwise cross-subject statistical analysis was per-
formed to identify FA differences between patients and healthy
control subjects. Group differences were determined by using
Randomize, Version 2.9 (The Mathworks, Natick, Massachu-
setts) (permutation-based nonparametric testing, 5000 permuta-
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Illinois), and a P value < .05 was consid-
ered statistically significant.

RESULTS

Demographic Data, Disease, and
MR Imaging Characteristics
Fourteen consecutive pediatric patients
with MS and age- and sex-matched
healthy subjects were included in the study
(On-line Table 1). Disease duration in pa-
tients ranged between 2 and 57 months
(median, 16.5 months). Patients had a low
level of neurologic impairment measured
by the Kurtzke Expanded Disability Status
Scale (mean, 0.75 *= 1.2) and the Timed
25-Foot Walk Test (3.73 = 1.3 seconds),
consistent with the relatively short disease
duration. Cognitive screening with the

FIG1. FA maps. A, TBSS FA results for healthy subjects compared with patients with MS. Signif-
icant clusters of decreased FA values in patients with MS compared with healthy controls are
shown as corresponding P values in red-orange (scale ranging from red to yellow for the com-
parison HC > MS and scale ranging from blue to light blue for the comparison MS > HC) and have
been thresholded at P < .005 for between-group comparisons (corrected for multiple compar-
isons). B, 3D visualization of significantly (P < .01, corrected for multiple comparisons) different
white matter clusters between the 2 groups. Note that the results are thickened for visual
purposes only. L indicates left; R, right (radiologic convention); HC, healthy controls.

tions).?> We used threshold-free cluster enhancement to avoid
choosing an arbitrary initial cluster-forming threshold. This
method provides a voxelwise significance (P value) that is cor-
rected for multiple comparisons.>* The P values are fully cor-
rected for multiple comparisons across voxels but only for each
white matter mask and only as 1-tailed P values. Because we
used 4 different white matter masks and investigated between-
group increases and between-group decreases, a P < .05
equaled an adjusted P < .00625 [0.05/ (4 X 2)],a P value <.01
corresponded to an adjusted P < .00125, a P < .005 corre-
sponded to an adjusted P < .000625, and a P < .001 corre-
sponded to an adjusted P < .000125. We considered a P < .05
statistically significant.
The same procedure was applied to MD, RD, and AD data.

Clinical Correlations

Within the patient group, clinical results were correlated with mean
FA values and of 2 ROIs, which displayed the most significant group
differences in the TBSS analysis. The defined ROIs had a diameter of
20 mm around the peak voxel on the FA skeleton. For all analyses, P
values < .05 were considered statistically significant.

Statistical Analysis

All clinical scores were calculated as z scores. A z score lying out-
side the 95% normal distribution is conventionally considered
abnormal.

The Pearson product moment correlation coefficient (r) was
calculated for the correlation between clinical data and mean in-
dividual FA values. Correlations were calculated by using the Sta-
tistical Package for the Social Sciences, Version 19 (SPSS, Chicago,

Trail-Making Test A (mean, 5.9 * 0.5),
Trail-Making Test B (mean, 5.72 = 0.6),
and the Verbal Fluency test (mean, 4.18 +
0.6) showed no differences in normative
data (z scores < 2).*' Unusually high
completion times (z score > 2) were only
observed for the Nine-Hole Peg Test
(dominant hand mean, 19.5 *2.6 sec-
onds; nondominant hand mean, 19.7 *+
1.3 seconds) compared with normative
data."” Mean lesion load for all patients was low in supratentorial
(3.25 £ 0.96) and infratentorial (2.5 * 0.76) regions.

Diffusion Parameters in TBSS Analysis

Mean FA values of the white matter skeleton were significantly
decreased in patients with MS compared with age- and sex-
matched controls (P < .005). MD (P < .001), RD (P < .001), and
AD (P < .05) values were increased in patients with MS, with
changes in RD being more extensive than those in AD. Detailed
results of TBSS analysis can be found in On-line Table 2. The most
pronounced decrease in FA was found in the splenium of the
corpus callosum (P < .001) (Fig 1). This result remained stable
after excluding 3 patients with lesions within the splenium and
surrounding regions (P < .001). An additional reduction of FA
values was identified in the right temporal and right and left pa-
rietal regions (Fig 1A). We did not detect any FA value increase in
the patient group compared with the control group.

Diffusivity maps revealed a widespread increase in MD in most
white matter tract regions, including the corpus callosum, superior
longitudinal fasciculus, fornix, corona radiata, corticospinal tract,
and uncinate fasciculus (Fig 2). Of the 2 components contributing to
MD, AD increase (Fig 3) was less widespread than RD increase (Fig
4). Neither the anterior or posterior corpus callosum nor the internal
capsules exhibited any AD alterations (Fig 3). The anterior internal
capsule did not show any RD alterations. We did not detect any
significant MD, RD, or AD decreases in the patient group.

Correlation between FA and Clinical Scores
We found a statistically significant correlation between mean skeletal
FA and disease duration (r = —0.57; P < .01), right temporal (r =
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FIG 2. MD maps. A, TBSS MD results for healthy subjects compared with patients with MS.
Significant clusters of increased MD values in patients with MS compared with healthy controls
are shown as corresponding P values in red-orange (scale ranging from red to yellow for the
comparison HC > MS and scale ranging from blue to light blue for the comparison MS > HC)
and have been thresholded at P < .005 for between-group comparisons (corrected for
multiple comparisons). B, 3D visualization of significantly (P < .01, corrected for multiple
comparisons) different white matter clusters between the 2 groups. Note that the results are
thickened for visual purposes only. L indicates left; R, right (radiologic convention); HC,
healthy controls.

Axial Diffusivity (AD)
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FIG 3. AD maps. A, TBSS AD results for healthy subjects compared with patients with MS.
Significant clusters of increased AD values in patients with MS compared with healthy con-
trols are shown as corresponding P values in red-orange (scale ranging from red to yellow for
the comparison HC > MS and scale ranging from blue to light blue for the comparison MS >
HC) and have been thresholded at P < .05 for between-group comparisons (corrected for
multiple comparisons). B, 3D visualization of significantly (P < .01, corrected for multiple
comparisons) different white matter clusters between the 2 groups. Note that the results are
thickened for visual purposes only. L indicates left; R, right (radiologic convention); HC,
healthy controls.
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—0.55; P < .05), and left parietal (r =
—0.54; P < .05) regions. No significant
found for the
Kurtzke Expanded Disability Status
Scale, annual relapse rate, number of

correlations were

total relapses, lesion load, Nine-Hole
Peg Test, Timed 25-Foot Walk Test, or
cognitive screening with FA values.

DISCUSSION

We investigated the white matter micro-
structure in children with MS. TBSS
analysis revealed significantly decreased
FA values along with a widespread in-
crease in MD, RD, and AD in patients
with MS. These findings provide evi-
dence for the influence of MS in nonle-
sional macroscopically unaffected WM
even at an early stage of the disease. Po-
tential causes of these alterations are di-
verse and include direct disease effects
such as axonal injury and demyelination
or indirect effects such as protracted or
inhibited maturation.

Our findings are in accordance with
previously published data on the micro-
structure of white matter in childhood
MS.'>!*> Two recent studies of Vishwas
et al'*"> demonstrated higher MD and
lower mean FA values in all white matter
pathways in pediatric patients with MS
compared with controls. However, no
changes were observed in 27 patients
with a single demyelinating event,'
from which the authors concluded that
there might be a window of opportunity
to prevent further damage between the
period of a single demyelination and the
diagnosis of MS. This is in accordance
with the significant negative correlation
between mean FA of the white matter
skeleton and disease duration that we
observed in our study. In adults, con-
flicting data on the correlation of FA mea-
sures with the annual relapse rate, number
of total relapses, and lesion load exist. Dis-
ease durations of >3 years have been re-

ported to negatively correlate with FA,>>>¢

whereas in clinically isolated syndrome,
no correlation was reported.®

It has been proposed that global
changes in white matter occur to a lesser
degree in childhood at the beginning of
the disease compared with adult-onset
MS.® However, early changes in childhood
MS are known to be characterized by
pathologic MR imaging findings of gray
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sas et al** suggested that the increase in AD
might be due to reduced axonal diameters,
resulting in increased extra-axonal space.
Thus, interpretation of this diffusivity
value is still controversial, with most stud-
ies in MS pointing toward an increase in
AD. On the other hand, RD plays a pre-
dominant role in detecting subtle patho-
logic damage from very early on in MS,
making it a potential marker for monitor-
ing changes in the course of the disease.
In addition to the already-known
global decrease in skeletal FA,'? patients
with MS displayed a regional FA reduc-
tion in the splenium of the corpus callo-
sum and in the right temporal and left
and right parietal regions. Reduction in
FA was most profound in the splenium.
These changes in FA may serve as an

FIG 4. RD maps. A, TBSS RD results for healthy subjects compared with patients with MS.
Significant clusters of increased RD values in patients with MS compared with healthy controls are
shown as corresponding P values in red-orange (scale ranging from red to yellow for the com-
parison HC > MS and scale ranging from blue to light blue for the comparison MS > HC) and have
been thresholded at P < .005 for between-group comparisons (corrected for multiple compar-
isons). B, 3D visualization of significantly (P << .01, corrected for multiple comparisons) different
white matter clusters between the 2 groups. Note that the results are thickened for visual
purposes only. L indicates left; R, right (radiologic convention); HC, healthy controls.

and white matter structures that are generally more subtle compared
with MR imaging findings in adult MS.">'*?” This difference may
explain why patients with early-onset MS tend to have a longer du-
ration of illness before reaching a state of irreversible disability.*®
Considering the fact that myelination continues well into adoles-
cence, it is conceivable that MS may interfere with this process of
physiologic myelination in addition to the ongoing demyelination by
the disease process itself.*** Longitudinal assessment might be a use-
ful tool for gaining insight into the dynamics of the disease process,
especially because established markers for disease activity such as le-
sion load correlate only moderately with clinical outcome in longitu-
dinal studies in adults and children.?

The spatial extent and distribution of increase in diffusivity indi-
ces (MD/RD/AD) was far more widespread than the decrease in FA
values in our patient cohort. Changes in diffusivity parameters are
indicators of mainly extracellular diffusion and might be related to
axon or myelin damage. Water diffusion in the white matter of the
brain is highly sensitive to alterations in the microstructural integrity
of cellular membranes; thus, water diffusion is a sensitive marker for
early differences in tissue properties related to neuroinflammation,
for example.** An increase in RD is proposed to reflect myelin de-
struction as demonstrated in mouse models or human postmortem
brain studies.”®>> The relevance of AD as a marker of axonal damage
isless well-understood. In our study, AD was increased but to a lesser
extent than RD; these findings are in accordance with those in earlier
studies in adults with MS.'%?° In contrast, Lin et al*>® showed a trend
toward lower AD in the normal-appearing pyramidal tract in adult
patients with MS. Recent pathologic studies in degenerative neuro-
logic diseases indicate a topographic concordance between WM loss
and AD changes in Huntington disease or Friedreich ataxia.>**> Ro-

early indicator of MS white matter pa-
thology in childhood MS. Our results
are in accordance with DTT studies in
adult-onset MS, which report that the
earliest changes in white matter tracts
occurred in the corpus callosum.® A fo-
cal FA decrease in the splenium of the
corpus callosum has furthermore been
described in patients with isolated optic
neuritis.”® Our results suggest that the
corpus callosum is one of the most affected regions in early-
onset MS. It may, therefore, be a potential target region for the
early detection of disease processes by MR imaging. Special
attention was drawn to this region by Hagmann et al,*” who
combined modern MR imaging techniques with network anal-
yses. This publication presented evidence for the existence of a
structural core of highly interconnected brain regions, located
primarily in the posterior medial and parietal cortex. The sp-
lenium of the corpus callosum has been proposed as an integral
part of this core, interconnecting both hemispheres.

In our relatively small patient cohort, we observed a significant
negative correlation between mean FA of the white matter skele-
ton and disease duration, while no correlation was found for other
clinical parameters. In adults, conflicting data on the correlation
of FA measures with annual relapse rate, number of total relapses,
and lesion load exist. Disease duration of >3 years is reported to
negatively correlate with FA,>>*® whereas in clinically isolated
syndrome, no correlation was reported.®

Study Limitations

There are several limitations to our study that need to be taken into
account when interpreting the data. First, the sample sizes in our
patient and control cohorts are relatively small due to the rare nature
of MS in children. Nevertheless, the alterations in diffusivity param-
eters were highly significant and appear robust in light of the tests
applied. In addition, the MR images of the age- and sex-matched
healthy controls were recruited from a local data base, in which the
clinical assessment did not include the Nine-Hole Peg Test and the
Timed 25-Foot Walk Test. The study-related MR imaging protocol
and the MR imaging scanner were identical in both cohorts, though.
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CONCLUSIONS

Our study demonstrates the white matter microstructure of non-
lesional tissue to be affected in childhood MS, even in early stages
of the disease. Decreased FA values and increased diffusion pa-
rameters may indicate impaired myelination. The observed de-
crease in FA in the white matter correlated with disease duration.
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