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Abstract

Background: Multiple Sclerosis is characterized by neural demyelination. Structural
magnetic resonance imaging (MRI) provides soft tissue contrast, which forms the
basis of techniques for extracting regional biomarkers across a participant's brain.
Objectives: To investigate the clinical presentation of multiple sclerosis in a large-
scale MRI analysis that includes thorough consideration of extractable structural
measurements (average and variability of regional cortical thicknesses, cortical sur-
face measurements, and volumes).

Methods: We performed a large-scale retrospective analysis of 370 T1 structural
volumetric MRIs from 64 participants with multiple sclerosis and compared them
with a large cohort of neurotypical participants, consisting of 993 MRIs from 988
participants. Regionally distributed measurements of cortical thickness (average and
standard deviation) were extracted along with surface area, surface curvature, and
volumetric measurements.

Results: The largest observed finding involved regionally distributed reductions in
average cortical thickness, with the parahippocampal region exhibiting the largest
effect size, a finding that may be linked with known hippocampal atrophy in multiple
sclerosis. Group-wise differences were also observed in terms of distributed volume,
surface area, and surface curvature measurements.

Conclusions: Participants with pediatric-onset multiple sclerosis present clinically
with a variety of structural abnormalities, including perirhinal cortex thickness ab-
normalities not previously reported in the literature.
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1 | INTRODUCTION

Pediatric-onset multiple sclerosis (POMS) occurs prior to
age 18 and represents ~3%—5% of all MS cases (Renoux
et al., 2007). Like adult-onset MS, POMS is characterized
by demyelination within the central nervous system and
gray matter atrophy; however, inflammatory lesions ac-
crue more rapidly (Bermel et al., 2003; Filippi et al., 2012;
Ge et al., 2007; Henry et al., 2008; Parmar et al., 2018;
Ricciteli et al., 2012). Factors such as demyelination and
neuronal loss are thought to underlie cortical atrophy,
which serve as predictors of long-term disability and qual-
ity of life. Regional structural changes have been observed
in POMS in the subcortical gray matter, including in the
thalamus, hypothalamus, putamen, and caudate (Bermel
et al., 2003; Ge et al., 2007; Henry et al., 2008), atrophy
of which has been suggested to be a measureable result
of Wallerian degeneration (Henry et al., 2008). Posterior
white matter atrophy affecting the brainstem and the cere-
bellum has also been reported (Ricciteli et al., 2012), find-
ings that could be linked with known motor deficiencies
in MS.

The use of magnetic resonance imaging (MRI) techniques
has been crucial in defining the pathology and severity of the
disease (Bakshi et al., 2008). In the brain, MRI provides for
the ability to differentiate between gray matter, white mat-
ter, and cerebrospinal fluid, which forms the basis for the
extraction of biomarkers across brain regions, such as white
and gray matter volumes, cortical thickness, cortical fold-
ing/gyration-based measures, and cortical surface area (e.g.,
Fischl, 2012). Using MRI, many investigators have quantified
the rate of atrophy in MS at various stages of the disease. Many
studies suggest localized regional atrophy is a more sensitive
gauge of MS progression and disease state than global atro-
phy (Bakshi et al., 2001; Bergsland et al., 2012; Houtchens
et al.,, 2007; Mesaros et al., 2008; Sepuclre et al., 2006).
Modern MRI techniques and post-processing methods, such
as automated quantification (e.g., Fischl, 2012), have allowed
for the systematic assessment of regional cortical atrophy
(Ceccarelli et al., 2008; Deppe et al., 2016; Sailer et al., 2003;
Steenwijk et al., 2016). Furthermore, existing studies have
identified hippocampal abnormalities being associated with
MS (Anderson et al., 2010; Hulst et al., 2015; Longoni
etal.,2015; Rocca et al., 2016), which we will further investi-
gate as part of this analysis. Volume reductions in the corpus
callosum, cerebellum, amygdala, and particularly the thala-
mus, have also been reported in POMS (Parmar et al., 2018).
While automated quantification methods provide multiple
biomarkers by which the brain can be assessed, most stud-
ies only focus on one type of biomarker, such as volumetric
measures or measures of average cortical thicknesses. In this
work we incorporated all the available average cortical thick-
nesses, variability in cortical thicknesses, regional volumetric
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measurements, and regional surface measurements, making
this study considerably more thorough than many found in
the literature.

In this study, we hypothesize that analysis of the presen-
tation of the brains of participants with POMS can help to
identify group-wise abnormalities of regional brain measure-
ments potentially associated with POMS, can help to identify
biomarkers with potential to contribute to next-generation
diagnostic technologies, and can provide a reference for what
to expect from a clinical POMS population. Because of the
relatively large number of scans included in this study, we
aim to clinically validate the patterns of atrophy identified by
other investigators.

2 | MATERIALS AND METHODS

2.1 | Participants

Following approval by Boston Children's Hospital's (BCH)
Institutional Review Board, the clinical imaging electronic
database at BCH was reviewed for the present analysis from
01/01/2008 until 06/01/2016, and all the brain MRIs were
included for further analysis after confirming a diagnosis
of MS from the participant's electronic medical records.
Shortcomings pertaining to the detail of information (and
diagnostic criteria) available in participant's medical records
are addressed in the discussion. Imaging acquisitions visu-
ally assessed as being of low quality (because of excessive
participant motion, large metal artifact from a participant's
dental hardware, lack of a T1 structural imaging volume pro-
viding diagnostically useful axial, sagittal and coronal ori-
ented images etc.) were excluded from the study. Imaging
acquisitions that were inaccessible for technical reasons were
also excluded. This yielded 370 volumetric MRIs from 64
participants with a diagnosis of MS, of which 278 exami-
nations were acquired from 47 participants diagnosed with
relapsing remitting MS (RRMS), 1 examination was from
a single patient with chronic progressive MS, and 91 were
from 16 participants with MS whose subclassification was
unavailable at the time of this study. MRIs were typically
performed as part of monitoring the brain development in
MS participants in an effort to find any new lesions on T2
imaging acquisitions, however, this investigation focuses on
the clinical potential of T1 imaging in this population. Time
intervals between scans for a given participant was typically
approximately 1 year. We have not included very short inter-
val scans, the most common example of which is that at our
hospital, when a participant is imaged, the MR technicians
often acquire up to three independent volumetric T1 imag-
ing examinations per session. This is to ensure that at least
one of the volumes are of sufficient diagnostic quality, and
is often performed when motion artifacts are noticed on the
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first T1 volumetric image set. In these situations, only one
T1 MRI volume is selected for the analysis based on image
quality. MRIs from the neurotypical cohort were assembled
retrospectively by selecting participants on the basis of a nor-
mal MRI, as assessed by a BCH neuroradiologist, and whose
medical records provided no indication of any neurological
problems (participants with any known disorder were ex-
cluded such as autism, cerebral palsy, traumatic brain injury,
brain cancer, developmental delay, MS, tuberous sclerosis
complex, stroke, neurofibromatosis, cortical dysplasia, epi-
lepsy, attention deficit hyperactivity disorder, etc.). The same
exclusion criteria applied to the MS population was also ap-
plied to the healthy controls, including the exclusion of very
short interval scans. This yielded 993 volumetric MRIs that
act as healthy controls in this study (Levman et al., 2017).
The MS participants ranged in age from O to 28 years old
and the neurotypical participants ranged in age from 0 to
32 years old. Histograms demonstrating the age distributions
(in years) for both the healthy and MS groups are provided
in Figure 1.

2.2 | MRI data acquisition and
preprocessing

Imaging was performed with clinical 3 Tesla MRI scanners
(Skyra, Siemens Medical Systems, Erlangen, Germany)
at BCH yielding T1 structural volumetric images accessed
through the Children's Research and Integration System
(Pienaar et al., 2014). Technical specifications regarding data
acquisition and preprocessing are provided in additional de-
tail in the Supporting Information.
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FIGURE 1 Histogram demonstrating the age distributions (in

years) of the participants. Blue represents the healthy group while red
represents the multiple sclerosis group [Colour figure can be viewed at
wileyonlinelibrary.com]
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2.3 | Statistical analysis

This study included the acquisition of 2,893 measurements
(cortical thicknesses, volumetric measurements, surface area,
and surface curvature measurements) per volumetric imag-
ing acquisition, as extracted by FreeSurfer (Fischl, 2012). All
statistical analyses were performed in MATLAB (R2018a,
Natick, MA, USA). In order to correct for the effect of
performing multiple comparisons, we have employed the
Bonferroni correction, with the 2,893 comparisons yielding
a Bonferroni-corrected threshold for statistical significance
p < .05/2,893 = 1.728¢™>. Statistical testing was computed
using the standard ¢ test (Student, 1908) for two groups of
samples. Cohen's d statistic was computed to assess the ef-
fect sizes for all considered biomarker measurements in a
group-wise manner comparing our healthy and MS par-
ticipants in each age range considered. Receiver operating
characteristic (ROC) curve analysis was performed for each
measurement to assess its diagnostic potential as a single bio-
marker, through the diagnostic statistical metric referred to as
the area under the ROC curve (AUC) (Youngstrom, 2014).
Multivariate regression was employed to control for vari-
ables potentially influencing our findings; more detail can be
found in the Supporting Information.

3 | RESULTS

The age distributions for both healthy and POMS groups
are provided in a histogram in Figure 1. Comparison of par-
ticipants with MS and control participants at various age
ranges demonstrates several regions exhibiting group-wise
differences with large effect sizes (see Table 1). This re-
sulted in 35% of our biomarker measurements exceeding the
Bonferroni-corrected threshold for statistical significance.
Table 1 is sorted such that the first item on the list exhibits
the largest magnitude of the effect size. All data points pre-
sented in Table 1 represent statistically significant findings
based on the Bonferroni correction for multiple compari-
sons. The largest differences found between MS and control
groups involved measures of ventricular and CSF volumes
as well as reduced average cortical thicknesses. Additional
differences were observed across multiple brain sub-regions
in biomarkers measuring surface area, surface curvature, the
standard deviation of cortical thicknesses, volume of white
matter hypointensities, gray matter (GM) volumes, and some
small effects associated with regional white matter volumes.
General trends in the biomarkers show MS participants pre-
sent with decreased average cortical thickness, GM volumes,
white matter (WM) volumes, and surface areas while having
increased surface curvature, increased WM hypointensities,
and increased variability in cortical thickness, as measured
by the standard deviation. Although most of the studied
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TABLE 1 Age-dependent summary of the leading abnormalities

identified in our multiple sclerosis population. Cohen's d statistic
. . . . Cohen's d
is provided followed by the area under the receiver operating

characteristic curve (AUC) in brackets

Cohen's d

Regional measurement

Superior frontal average thickness

statistic (AUC)
L —0.74 (0.71), R

_ en —0.77 (0.72)
Regional measurement statistic (AUC) Superior and transverse occipital sulci L -0.73 (0.71),R
Parahippocampal average thickness L -0.92 (0.76), R average thickness —0.76 (0.72)

—0.98 (0.78) Supramarginal average thickness L -0.76 (0.71), R
Third ventricle volume 0.94 (0.76) —0.68 (0.70)
Lateral ventricle volume L 0.80(0.75),R Brodmann's area 2 average thickness L -0.73 (0.71), R
0.91 (0.77) —0.76 (0.72)
Medial occipital temporal and lingual sulci L —0.87(0.75), R Abbreviations: AUC, area under the receiver operating characteristic curve; L,
average thickness —0.90 (0.76) left, R, right.
Paracentral average thickness L -0.79 (0.73), R
—0.89 (0.76)
Parahippocampal part of the medial occipito- L —0.89 (0.76), R regions showed increased variability in cortical thickness,
temporal gyrus average thickness —0.80 (0.72) several brain regions (calcarine sulcus, Brodmann's area 3b,
Cerebrospinal fluid volume 0.87 (0.75) cuneus, and posterior cingulate) exhibited decreases in the
Superior parietal average thickness L -0.79 (0.73), R variability of cortical thicknesses.
—0.87 (0.76) Measurements such as the right lateral ventricle and third
Superior temporal average thickness L —0.80 (0.72). R ventricle volume had markedly large AUC (>0.70) and strong
~0.86 (0.76) positive d statistic values, as expected of neurodegenerative
T L —0.85 (0.74), R diseases such as MS (Miiller et al., 2013; Turner et al., 2001).
—0.86 (0.75) Biomarkers demonstrating group-wise differences were
Precuneus average thickness L 085 (0.75). R found in brain regions potentially associated with memory
~0.86 (0.76) impairment such as the entorhinal cortex, parahippocampal
Ty e — L 076 (0.73), R gyrus, perirhinal cortex, and superior temporal gyrus. A scat-
~0.86 (0.76) ter plot of the observed thicknesses of the right parahippo-
Posterior ramus of the lateral sulcus average L -0.80 (0.73), R campal gyrus varying with patient age is provided in Figure 2.
thickness ~0.85 (0.76) Although the leading biomarker measurements identified
Isthmus cingulate average thickness L —0.84 (0.75), R mostly represent decreased average cortical thicknesses (see
~0.79 (0.73) Table 1), our analysis also included surface area (SA), sur-
Transverse temporal average thickness L —0.70 (0.70), R face curvature, cortical thickness variability (as measured
—0.84 (0.75) with the standard deviation) and volumetric measurements.
Choroid plexus volume L 0.83 (0.74), R The leading cortical thickness variability measurements in-
0.76 (0.70) cluded increased standard deviations within the left fusiform
Middle posterior cingulate gyrus and sulcus L -0.68 (0.70), R region (d = 0.53), the left perirhinal region (0.52), the left
average thickness —0.82 (0.74) inferior circular sulcus of the insula (d = 0.52), and decreased
Superior frontal gyrus average thickness L—-0.72 (0.71), R standard deviation in the calcarine sulcus (d = —0.55). The
~0.80 (0.73) observed SA measurements with the largest effect sizes in
Planum temporale average thickness L —0.79 (0.72), R our analysis included decreased SA in the left superior tem-
~0.80 (0.73) poral region (d = —0.39), the left middle temporal region (d
Posterior dorsal cingulate gyrus average L —0.80 (0.73), R = —0.37), and the left inferior temporal region (d = —0.38).
thickness —0.70 (0.72) The surface curvature measurements with the largest effect
Superior temporal sulcus average thickness L —0.73 (0.71), R sizes included increased average curvature in the left cal-
—0.79 (0.73) carine sulcus (d = 0.75), the medial occipito-temporal and
Posterior ventral cingulate gyrus average L -0.79 (0.73), R lingual sulci bilaterally (L: d = 0.69, R: d = 0.68), and the
thickness —0.57 (0.67) left isthmus cingulate (d = 0.65). Table 1 demonstrates ab-
Anterior transverse temporal gyrus average L —0.70 (0.70), R normalities indicating increased volumes of the ventricles
thickness —0.78 (0.73) and the choroid plexus. Additional findings include bilateral
hemispheric GM volume reductions (L: d = —0.72, R: d =
—0.71) observed to have the largest regional effects in the left
(Continues) superior temporal (d = —0.72), right precuneus (d = —0.71),
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FIGURE 2 Right parahippocampal

4 5 T T T T T

@
)

w

average cortical thickness versus age for the
neurotypical (green) and multiple sclerosis
(red) participants. Males are represented
with an X and females with an O [Colour
figure can be viewed at wileyonlinelibrary.
com]
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and the right superior temporal sulcus (d = —0.71). Also of
potential interest was an observed increase in the volume of
WM hypointensities (d = 0.70) in MS, a finding that may
be linked with known demyelination and other processes,
although WM hypointensities are known to be nonspecific
in MS. All reported findings are based on statistical analysis
of the raw measurements for ease of comparison with future
work. Multivariate regression results confirmed that findings
produced from the raw data presented in this analysis re-
mained statistically significant according to the Bonferroni-
adjusted threshold for statistical significance after adjusting
or controlling for the effects of covariates with multivariate
regression. Thus our multivariate analysis confirms that our
findings were not the result of secondary effects of age, gen-
der/sex, or brain volume.

4 | DISCUSSION

This study included a large-scale analysis of volumetric struc-
tural MRIs of the brains of POMS participants and healthy
controls and demonstrated a wide variety of imaging features
exhibiting group-wise differences (see Table 1). Biomarkers
such as cortical thickness, ventricular volumes, and choroid
plexus volumes demonstrated the strongest effect sizes and
the largest AUC and are potentially related to various clinical
features of MS.

The sub-regions displaying major reductions in cor-
tical thickness and high AUC values are thought to play a
role with facilitation of memory acquisition and informa-
tion processing, one of the known cognitive impairments
associated with MS (Archibald & Fisk, 2000; Benedict at

30 35

al., 2009; Chiaravalloti et al., 2008; Ekmekci et al., 2017; Rao
etal., 1991, 1993; Takahashi et al., 2002). Additionally, a link
between cortical thinning in the left superior temporal gyrus
and cognitive dysfunction was also established (Achiron
et al., 2013). The pathology underlying cortical thinning in
MS is currently unknown, however, it is possible that demye-
lination of neurons due to MS contributes to decreased corti-
cal thicknesses (Peterson et al., 2001; Vercellino et al., 2005)
and leads to manifestation of symptoms. This may be sup-
portive of the theory that there is a direct link between fiber
tract structure and cortical thickness, with primary fiber
tracts that extend into the GM potentially playing a direct
role in supporting the structure of the cortex. When a major
fiber tract undergoes demyelination, the structural integrity
of its myelin sheath is compromised which may contribute to
compromised support for the structure of the cortex. In MS,
demyelination results in disintegration of myelin (Bjartmar
et al., 1999), which may play a structural role in the fiber
tract itself, which in turn might limit the fiber tract's abil-
ity to support the specific structure and conformation of the
cortex. Reduced structural support to the cortex may be an
underlying reason for the thinner cortices observed in MS.
Disruption of parahippocampal WM pathways has been ob-
served in Alzheimer's disease (Stoub et al., 2006), a condition
for which reduced parahippocampal cortical thickness has
also been reported (Krumm et al., 2016). It is possible that
reduced parahippocampal thickness in MS is linked with dis-
ruption of parahippocampal WM integrity in MS, which has
also been observed in the literature (Llufriu et al., 2014). The
parahippocampal region has also been implicated in playing
arole in motor imagery (Malouin et al., 2003), which may be
linked with known motor issues in MS.
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Our finding exhibiting the largest effect size was a de-
creased average cortical thickness in the parahippocampal
gyrus. This is in agreement with findings from previous
cortical thickness research (Narayana et al., 2013; Steenwijk
etal., 2016). Abnormalities of the parahippocampal gyrus can
accompany hippocampal sclerosis (Ferreira et al., 2003) and
abnormalities of both regions may be relevant to known symp-
toms of MS. The parahippocampal region and the connected
hippocampal region, are known to play an important role in
memory (Eichenbaum et al., 2007; van Strien et al., 2009;
Yonelinas et al., 2001) and so abnormalities therein may be
associated with known memory deficits in participants with
MS (MacAllister et al., 2007; Rao et al., 1984). Indeed, sev-
eral previous studies have reported abnormal presentation of
the hippocampal region in MS (Anderson et al., 2010; Hulst
et al., 2015; Longoni et al., 2015; Rocca et al., 2016; Sicotte
et al., 2008), which may be representative of atrophy con-
tributing to memory deficits. It has also been reported that
disruption of parahippocampal WM pathways contributes
to memory decline in elderly individuals with mild cogni-
tive impairment by partially disconnecting the hippocampus
from incoming sensory information (Stoub et al., 2006). It
has been theorized that neural fiber tracts may play an im-
portant role in resulting cortical thicknesses (CT). Reduced
parahippocampal cortical thickness was also observed to be
associated with increased average curvature on the surface of
the parahippocampal gyrus (L: d = 0.54; R: d = 0.45), which
may be linked with increased gyrification associated with
variable levels of compromise to the WM tracts projecting
into the cortex. We have also observed modestly increased
cortical thickness variability in the parahippocampal gyrus
which may further illustrate the same underlying effect (L:
d=0.25; R: d =0.25). Additionally, we observed statistically
significantly reduced cortical thicknesses (d = —0.73) in the
entorhinal region, which is known to be involved in working
memory.

Comparison of our findings with the scientific literature on
cortical thinning in MS confirms previously reported strong
parahippocampal and entorhinal cortical thinning (Narayana
et al., 2013), with left entorhinal cortex thickness being af-
fected to a greater extent than the right. We observed bilateral
decreases in the superior temporal gyrus' cortical thickness,
consistent with literature findings (Achiron et al., 2013; Sailer
et al., 2003; Steenwijk et al., 2016). Additionally, reduced
cortical thickness was observed in the left perirhinal cortex
(d = 0.52). To the best of our knowledge, cortical thinning in
this structure has not been documented in the literature previ-
ously. The perirhinal cortex is composed of Brodmann's area
35 and 36 and is known to be involved in memory function
(Brown & Aggleton, 2001).

In addition to measuring cortical thickness, several brain
sub-regions displayed increased variability in cortical thick-
ness, as measured by the standard deviation, including the left
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fusiform region (d = 0.53), the left perirhinal region (0.52),
and the left inferior circular sulcus of the insula (d = 0.52) as
well as decreased standard deviation in the calcarine sulcus
(d = —0.55). This is the first time such findings have been
reported in the literature. These variables exhibited moderate
effect sizes and may be indicative of underlying structural
abnormalities present in individuals with MS. It is possible
that the increased variability in these regions, such as the fu-
siform gyrus and the insula, is linked with emotional process-
ing impairments known to be associated with MS (Phillips
et al., 2011), further investigation of which can be addressed
with future work on additional datasets that include extensive
clinical patient variables.

Discussion of the volumetric findings, asymmetries, the
statistical analyses employed in this study, as well as limita-
tions of the present analysis are addressed in the Supporting
Information.

5 | CONCLUSION

The main strengths of this study are its large scale, in terms
of the number of examinations included, the demonstration
that MS structural abnormalities are detectable clinically,
and thorough consideration of a large collection of biomarker
measurements provided by FreeSurfer (Fischl, 2012), as op-
posed to studies focused on single biomarker types. Our re-
sults indicate that automatically extracted biomarkers can be
used to predict the pathological status of a participant whose
brain has been imaged with MRI, however, more work
is needed to optimize the performance of such a test. We
demonstrate several biomarkers with strong discriminating
power between POMS and healthy groups, however, more
work is needed to optimize any diagnostic technology that
relies upon these findings. Future work will look to improve
our ability to discriminate between POMS and healthy par-
ticipants with the help of additional MRI modalities, such as
tractography and functional MRI (fMRI) as well as with mul-
tivariate analysis.

ETHICS APPROVAL AND PATIENT
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