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Abstract

We have previously demonstrated that pediatric-onset multiple sclerosis (POMS)

negatively impacts the visual pathway as well as motor processing speed. Relation-

ships between MS-related diffuse structural damage of gray and white matter

(WM) tissue and cortical responses to visual and motor stimuli remain poorly under-

stood. We used magnetoencephalography in 14 POMS patients and 15 age- and

sex-matched healthy controls to assess visual gamma (30–80 Hz), motor gamma

(60–90 Hz), and motor beta (15–30 Hz) cortical oscillatory responses to a visual-

motor task. Then, 3T MRI was used to: (a) calculate fractional anisotropy (FA) of the

posterior visual and corticospinal motor WM pathways and (b) quantify volume and

thickness of the cuneus and primary motor cortex. Visual gamma band power was

reduced in POMS and was associated with reduced FA of the optic radiations but

not with loss of cuneus volume or thickness. Activity in the primary motor cortex, as

measured by postmovement beta rebound amplitude associated with peak latency,

was decreased in POMS, although this reduction was not predicted by structural

metrics. Our findings implicate loss of WM integrity as a contributor to reduced elec-

trical responses in the visual cortex in POMS. Future work in larger cohorts will

inform on the cognitive implications of this finding in terms of visual processing func-

tion and will determine whether the progressive loss of brain volume known to occur

in POMS ultimately contributes to both progressive dysfunction in such tasks as well

as progressive reduction in cortical electrical responses in the visual cortex.
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1 | INTRODUCTION

Multiple sclerosis (MS) is characterized by focal and more subtle dif-

fuse demyelination as well as axonal and neuronal loss, leading to

both episodic and ultimately progressive neurological impairment.

Damage to the visual pathway is a common manifestation of the dis-

ease, and as such, the visual system provides a model for studying

the relative contributions of white matter (WM) and gray matter

(GM) injury to visual function. MS leads to retrograde degeneration of

the retinal nerve fiber layer (RNFL) resulting from acute inflammatory
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damage of the optic nerve (i.e., optic neuritis [ON]) and also leads to

anterograde and retrograde degeneration between the retina and

visual cortex, even in the absence of ON (Balk et al., 2015; Gabilondo

et al., 2014; Kolasinski et al., 2012).

MS is a chronic disease, with accumulation of tissue injury over

time. The onset of MS during childhood or adolescence (pediatric-onset

MS [POMS]) is associated with a relapsing–remitting MS (RRMS) disease

course that is very similar to RRMS in adults, with a few key distinctions

(Simone et al., 2002): (a) POMS is associated with a higher relapse rate

early in the disease as compared to adults, indicative of a more inflam-

matory disease state (Gorman, Healy, Polgar-Turcsanyi, & Chitnis, 2009);

(b) the young age of POMS patients precludes secondary comorbid dis-

ease contributions to brain injury (Marrie et al., 2015), allowing disrup-

tion of brain tissue and function to be more directly attributable to MS;

and (c) analysis in these young MS patients clearly avoids confounds of

prolonged disease. In aggregate, it can be argued that study of POMS

provides a view of the earliest impacts of MS pathobiology.

Our previous work has focused on defining and quantifying the

extent of axonal and neuronal loss of the visual system in POMS and

understanding the subsequent functional outcomes in children (Datta

et al., 2019; Waldman, Ghezzi, et al., 2014; Waldman, Hiremath,

et al., 2014). As in adults with MS, retrograde RNFL damage from

acute ON has been demonstrated in POMS (Graves et al., 2017;

Waldman et al., 2017; Waldman, Ghezzi, et al., 2014; Waldman,

Hiremath, et al., 2014). Interestingly, following acute ON in children,

only about 50% of affected eyes demonstrate RNFL thinning, sugges-

tive of some measure of resilience or greater reparative capacity

in children relative to adult MS patients (Waldman et al., 2017;

Waldman, Ghezzi, et al., 2014; Waldman, Hiremath, et al., 2014; Yeh

et al., 2009). In our recent work, we demonstrated thinning of the

visual cortex in 20 POMS subjects compared to 22 age- and sex-

matched healthy controls; however, cortical thinning was not associ-

ated with RNFL thinning or a history of ON (Datta et al., 2019). Thus,

we were unable to replicate the adult MS findings of trans-synaptic

anterograde and retrograde degeneration between the retina and the

cortex. Of note, however, we detected reduced mean fractional

anisotropy (FA) using diffusion tensor imaging (DTI) of the optic radia-

tions in POMS patients which persisted in normal-appearing WM

after T2 hyperintense lesions were removed (Datta et al., 2019). Fur-

thermore, there was an association between visual cortical mantle

thinning and decreased mean FA of the optic radiations in POMS

patients (Datta et al., 2019). Based on these findings, we postulate

that loss of WM integrity is an early facet of POMS, and disruption of

WM tracts may contribute to anterograde loss of cortical tissue. How-

ever, the consequences of such damage on cortical electrophysiologi-

cal activity remain unclear.

We used magnetoencephalography (MEG), paired with structural

MRI and DTI, to explore the cortical responses generated by peripher-

ally presented visual stimuli in POMS and their relationship to the integ-

rity of WM and GM in the visual pathway. MEG is a noninvasive

imaging modality that directly measures neuronal oscillations in the

cortex with high temporal (millisecond) resolution (Hämäläinen, Hari,

Ilmoniemi, Knuutila, & Lounasmaa, 1993). When accompanied by a

structural MRI, high spatial resolution is also achieved (Hämäläinen

et al., 1993). Increases in oscillatory activity within the gamma band

(30–80 Hz) are signatures of information processing within the associ-

ated cortical regions (Muthukumaraswamy & Singh, 2013). Gamma band

activity has been implicated in attention (Fries, Reynolds, Rorie, &

Desimone, 2001; Fries, Schröder, Roelfsema, Singer, & Engel, 2002),

memory (Jensen, Kaiser, & Lachaux, 2007) visual perception (Adjamian

et al., 2004; Hall et al., 2005; Melloni et al., 2007; Parra et al., 2003),

object recognition (Cheyne, Bells, Ferrari, Gaetz, & Bostan, 2008),

and motor control (Cheyne et al., 2008; Muthukumaraswamy, 2010).

Visual cortex gamma oscillations, elicited by simple visual stimuli pat-

terns such as square wave gratings, have been demonstrated in several

prior studies, including those with peripherally presented stimuli (Gaetz,

Roberts, Singh, & Muthukumaraswamy, 2012; Muthukumaraswamy,

Edden, Jones, Swettenham, & Singh, 2009). These oscillations have

been shown to be highly stable and reproducible within subjects

(Muthukumaraswamy, Singh, Swettenham, & Jones, 2010). In addition

to measuring visual cortex responses, MEG has also been used to assess

oscillatory changes in the motor beta (15–30 Hz) (Arpin et al., 2017) and

motor gamma (60–90 Hz) bands (Cheyne & Ferrari, 2013) of the motor

cortex.

Building upon our prior observations of visual cortex thinning and

disruption of subserving WM pathways, we studied the interplay

between structural and electrophysiologic responses to visual stimuli.

We hypothesized that the visual gamma and motor beta and gamma

band responses are altered in POMS compared to healthy youth and

are related to the degree of structural injury along the visual and

motor pathways. To test these hypotheses, we presented POMS sub-

jects and healthy controls with a visual stimulus while recording corti-

cal oscillations with MEG. A button press was incorporated into each

trial to ensure attention and to elicit activity in the motor cortex. We

then compared visual gamma and motor gamma and beta oscillations

between POMS and healthy controls and investigated their relation-

ships to the WM and cortical integrity of relevant tracts and regions.

2 | METHODS

2.1 | Participants

Participants with relapsing–remitting POMS, as defined by the 2017

McDonald criteria (Thompson et al., 2018) and whose first attack

occurred at less than 18 years of age, were recruited from the Pediat-

ric MS Program at the Children's Hospital of Philadelphia (CHOP).

Medical records for POMS participants were reviewed to determine

history of ON. ON was defined as visual impairment lasting more than

24 hr accompanied by a change in color vision or visual fields and the

presence of pain with eye movements. Patients were excluded if they

had an episode of ON or received corticosteroid treatment within the

last 6 months. Participants were permitted to wear contact lenses if

required. Healthy youth with normal corrected visual acuity (20/25

acuity or better) and no ophthalmologic or neurologic diseases were

recruited by local advertisement. The study was approved by the
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CHOP Institutional Review Board, all participants gave informed writ-

ten consent, and child assent was obtained.

2.2 | Clinical measures

History of ON and annualized relapse rate were recorded for POMS

patients and confirmed by medical record review. Expanded Disability

Status Scale (EDSS) scores were assessed for POMS patients at the

time of data collection.

2.3 | Task paradigm

Visual stimuli used in this study are identical to those reported previ-

ously (Gaetz et al., 2012; Muthukumaraswamy et al., 2009). Briefly,

visual stimuli consisted of vertical, stationary, 100% contrast, black

and white square-wave gratings (3 cycles per degree, mean luminance)

presented separately to lower left and right of fixation. The stimulus

presented to the left of fixation was subtended 4� both horizontally

and vertically with the upper right corner of the stimulus located 0.5�

from a small, red centrally presented fixation cross (Gaetz et al., 2012;

Muthukumaraswamy et al., 2009). The stimulus presented to the

right of fixation was presented with the upper left corner equidistant

to the fixation cross as the opposite side. It has been demonstrated

that high contrast stimuli (Hall et al., 2005; Henrie & Shapley, 2005)

with a spatial frequency of 3 cycles per degree maximize gamma

oscillations (Adjamian et al., 2004); furthermore, square wave stimuli

tend to produce greater gamma activity than sine wave stimuli

(Muthukumaraswamy & Singh, 2009).

In order to ensure that participants attended to each visually pres-

ented stimulus, participants were instructed to maintain fixation on

the centrally presented red cross throughout the experiment and to

use their right index finger to press a button at the disappearance of

the stimulus. In order to prevent anticipatory button presses, the length

of stimulus presentation varied by trial (minimum 1.5 s to 2 s maximum,

average duration of 1.75 s). Stimuli were presented in a block of

100 continuously presented trials. Subjects were required to respond

within 700 ms in order for the next stimulus to occur. Failure to respond

in time resulted in a prompt that the response was “too slow.” All stimu-

lus presentations were controlled by Presentation software (Version

18.0, Neurobehavioral Systems, Inc., Berkeley, CA, www.neurobs.com).

2.4 | MEG data acquisition

Whole-head MEG recordings were conducted using a CTF-Omega

275 channel system (CTF MEG International Services). Whole-head

recordings were sampled at 1,200 Hz (0–300 Hz bandpass) and

acquired with participants in the seated upright position. Prior to data

acquisition, three localization fiducial coils were placed at the nasion

and preauricular locations and used for coregistration with the sub-

ject's brain MRI.

While all the POMS subjects were tested using the same projec-

tor (Sanyo Protrax Multiverse), 9 of the 15 healthy participants

(enrolled later in the study to age and sex match) were tested on

upgraded projector hardware (NEC, High Definition Multimedia Inter-

face, model PA521U).

2.5 | MEG data analysis

To assess visual gamma band responses, the continuously recorded data

were first epoched (4 s duration; 2 s pre 2 s post) with the visual stimu-

lus onset as time-zero. For analysis of the motor response, the continu-

ously recorded data were reepoched around the button-press response

(4 s duration; 2 s pre 2 s post recording). Trials with more than 1 cm of

head motion were excluded. To remove trials with excessive noise, all

epoched MEG data were filtered using a 1–100 Hz band-pass filter with

a third order gradient applied and direct current offset removed (based

on whole trial). This was performed using the vendor provided software,

DataEditor version 5.3.

The Synthetic Aperture Magnetometry (SAM) beamformer algo-

rithm was used for source localization. Previously published findings

(Cheyne et al., 2008) have shown that very large (>100 pT) artifacts due

to dental hardware (i.e., braces) can be successfully addressed using

beamformer spatial filter methods. In such cases, the beamformer pro-

jects out sources of correlated noise due to these artifacts (and others).

In the current study, 1 control had a permanent retainer wire, thus we

set a trial rejection limit of 10 pT (root mean square) to exclude noise

sources too large to originate from nonbiological sources in an effort to

allow covariance performance to be uniform over subjects.

For each subject, noise-normalized differential power values were

calculated (integrated across a spectro-temporal “active” window com-

pared to a “baseline” window) at the location of each individual's peak

response and expressed as the pseudo-t statistic, hereafter abbreviated

as “pseudo-t” (Nichols & Holmes, 2001). Here, SAM results are reported

as increases or decreases of noise-normalized differential source power

in units of pseudo-t (hereafter referred to as visual gamma power). Using

SAM, we assessed stimulus-locked increases associated with the visual

gamma band (30–80 Hz) response by measuring SAM differential

source activity using 1,500 ms time windows placed at 0.0–1.5 s (active)

and −1.5 to 0.0 s (baseline) (stimulus onset = 0.0 s). These baseline and

active windows were chosen in accordance with previous work per-

formed by one of the authors (W. C. G.) investigating primary visual

cortex (V1) gamma band responses in healthy development (Gaetz

et al., 2012). A schematic of the baseline and active windows chosen for

the visual analysis are depicted in Figure 1a.

To explore group differences in motor cortical oscillations associ-

ated with the button-press response, differential source activity in

the beta band (15–30 Hz) (i.e., beta band event-related desynchrony;

B-ERD) was assessed using a 500 ms active window (−0.3 to 0.2 s)

relative to a 500 ms premovement baseline time period locked to the

button press response (−1.8 to −1.3 s). To assess the expected syn-

chronization of beta band power following transient movements

(i.e., postmovement beta rebound; PMBR) a 0.5–1.0 s active time
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window was compared to the same premovement baseline (−1.8

to −1.3 s). In addition, movement-related gamma band synchrony

(MRGS; 60–90 Hz) was assessed using a 300 ms active window (−0.1

to 0.2 s) relative to the button press and referenced to a 300 ms (−1.8

to −1.5 s) premovement baseline period. These baseline and active

windows are consistent with those chosen in previous MEG work

on the motor system (Gaetz, Edgar, Wang, & Roberts, 2011; Gaetz

et al., 2019). A schematic of the baseline and active windows chosen

for the motor analysis is depicted in Figure 1b.

The reaction time (amount of time elapsed between the stimulus

disappearance and the button-press response) was recorded for each

subject. All button presses that occurred <200 ms from stimulus off-

set were assumed to be anticipatory trials and were thus manually

removed prior to data analysis.

2.6 | MEG group analysis

MRI structural images and the individual differential SAM beamformer

results for visual gamma band power, B-ERD, MRGS, and PMBR were

first normalized to the Montreal Neurologic Institute (MNI) 152

template using a nonlinear transform (FNIRT; Andersson, Jenkinson, &

Smith, 2007) and averaged separately within group and frequency

band of interest. Observed group-averaged peak MNI locations and

associated Talairach labels were determined.

2.7 | Region of interest time–frequency analysis

The beamformer weights vector for the group-level peak location was

explicitly computed (e.g., for visual gamma band analysis the covariance

calculated from −2 to 2 s; 30–80 Hz) and subsequently, the sensor data

were projected through these weights to obtain a time-varying estimate

of the activity at the group-averaged image peak location. Time–

frequency responses (TFRs) for group-level peak locations were evalu-

ated by transforming the region of interest (ROI) coordinates (observed

in MNI space) back into each individual's (CTF) MRI coordinate system.

These group-level peak locations were then used to assess virtual sen-

sor TFR analysis using the Hilbert transform. TFR analyses of source

waveforms for each individual's ROI locations were conducted at 0.5 Hz

frequency steps between 1 and 100 Hz and represented as a percent-

age change from baseline for each frequency band of interest.

2.8 | PMBR time-to-peak analysis

PMBR time-to-peak latency was measured as the latency associated

with the maximum PMBR amplitude observed from the filtered

(15–30 Hz) virtual sensor source waveform (i.e., at the group-level

peak PMBR location). For each POMS and healthy control subject, we

averaged the PMBR virtual sensor time course and noted the latency

corresponding to the maximum PMBR amplitude. These PMBR source

F IGURE 1 Baseline and active time windows used for differential source activity analysis. LH, left hemisphere; LT, left temporal; POMS,
pediatric-onset multiple sclerosis; RH, right hemisphere; RT, right temporal. (a) Differential source power in the visual gamma band (30–80 Hz)
was assessed using a 1,500 ms active window (0.0–1.5 s) relative to a 1,500 ms baseline window (−1.5 to 0.0 s). Time zero (0.0 s) on the x-axis
represents the onset of the visual stimulus. (b) Differential source activity in the beta band (15–30 Hz) (i.e., beta band event-related desynchrony
[B-ERD]) was assessed using a 500 ms active window (−0.3 to 0.2 s) relative to a 500 ms baseline window (−1.8 to −1.3 s). The expected
synchronization of beta band (15–30 Hz) power following transient movements (i.e., postmovement beta rebound [PMBR]) was assessed using a
500 ms active window (0.5–1.0 s) relative to the same baseline window (−1.8 to −1.3 s). Movement-related gamma band (60–90 Hz) synchrony
(MRGS) was assessed using a 300 ms active window (−0.1 to 0.2 s) relative to a 300 ms (−1.8 to −1.5 s) baseline window. Time zero on the x-axis
(0.0 s) represented the button press
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waveforms were then averaged within group to compare group level

differences in PMBR time-to-peak amplitude.

2.9 | MRI and DTI acquisition

The MRI data were acquired on the same Siemens Verio 3T scanner

with a 32-channel head coil. Anatomical images were acquired using

T1-weighted high-resolution anatomical scan using Fast Low Angle

Shot (FLASH) (192 slices, 1 mm isotropic, repetition time [TR] = 20 ms,

echo time [TE] = 5 ms, field of view [FOV] = 256 mm, flip-angle 27)

and 3D FLAIR (208 slices, 1 mm isotropic, TR = 5,000 ms; TE = 388 ms;

FOV = 256 mm) acquisitions. 64-direction DTI was collected using a

2D echo-planar imaging sequence with a b-value of 1,000 s/mm2

(TR = 10,300 ms; TE = 95 ms; FOV = 256 mm; number of slices = 50;

voxel size = 2.0 mm isotropic).

2.10 | MRI data analyses

All images were visually inspected to ensure the images lacked motion

artifact and signal dropouts. T1 FLASH images were processed with

FreeSurfer toolkit (https://surfer.nmr.mgh.harvard.edu, version 6).

Lesion Segmentation Toolbox (Schmidt et al., 2012) was used to seg-

ment T2 hyperintense lesions from a combination of T1 and FLAIR

images. The pipeline first segments the T1 image into the three main

tissue classes (cerebrospinal fluid [CSF], GM, andWM). This information

is then combined with the FLAIR intensities in order to calculate lesion

probability maps. Almost all WM lesions in the T1 FLASH images were

automatically filled in the WM hypointensity filling step in the default

FreeSurfer pipeline, similar to findings reported by others (Guo, Ferreira,

Fink, Westman, & Granberg, 2019). To ensure that no WM lesions

were unaccounted for, manual inspection and filling of the lesions

(if required) were performed on the output of the WM hypointensity

filling step. The rest of the FreeSurfer pipeline was run following this

step. After pial (GM/CSF, that is, outer boundary of cortical mantle)

and GM/WM (i.e., inner boundary of cortical mantle) surfaces were

reconstructed (Datta et al., 2019), quality check was performed on each

subject's processed data by manually examining each slice to ensure

accurate GM and WM segmentation. For regions with segmentation

errors, control points were added manually to indicate WM voxels that

were erroneously classified as GM, as described previously (Datta

et al., 2019). The pipeline was rerun, and the data were rechecked to

again ensure segmentation accuracy. Cortical thickness was estimated

at each point across the cortical mantle by calculating the distance

between the GM/WM boundary and the pial boundary.

Previously published findings involving healthy children as well as

adults with MS showed that the visual gamma band response to a

stimulus presented laterally to a central fixation cross typically pro-

duces a peak response in the contralateral cuneus (Barratt et al., 2017;

Gaetz et al., 2012; Muthukumaraswamy et al., 2009). Thus, for each

subject, we used the cuneus in the hemisphere contralateral to the

visual stimulus presentation as the ROI for volume and thickness

measures. The primary motor cortex was chosen as the ROI for the

motor analysis, as motor beta activity has been shown to reach peak

amplitudes in this region (Gaetz et al., 2011; Gaetz et al., 2019; Little,

Bonaiuto, Barnes, & Bestmann, 2019). Desikan Atlas was used to

define the cuneus and primary motor cortex (Desikan et al., 2006), and

FreeSurfer was utilized to determine the volume and thickness of

these regions. Regional volumes were adjusted (normalized) for head

size using the proportion method (tissue-to-intracranial volume ratio)

(Obenaus, Yong-Hing, Tong, & Sarty, 2001; Sanfilipo, Benedict,

Zivadinov, & Bakshi, 2004; Voevodskaya, 2014). Total intracranial vol-

ume was estimated in FreeSurfer.

2.11 | DTI data analyses

The Tract-Based Spatial Statistics (Smith et al., 2006) processing pipeline

was used to align DTI data. For each subject, an FA image was created

by fitting a tensor model to the raw diffusion data using the Diffusion

Toolbox (FDT) available in FMRIB Software Library (FSL—www.fmrib.

ox.ac.uk/fsl/). Each subject's FA images was then aligned to every other

FA image using nonlinear transformation. The “most representative” FA

image was automatically identified as the one that required the smallest

amount of average warping when used as an alignment target. The cho-

sen FA image target was then affine-aligned into MNI 152 standard

space, and every FA image was transformed in 1 mm isotropic MNI

space by combining the nonlinear transform to the target FA image with

the affine transform from that target to MNI space. Next, the mean FA

image in MNI space was created and thinned to create a mean FA skele-

ton, which represents the centers of all tracts common to the group

(Smith et al., 2006). Each subject's aligned FA data were then projected

onto this skeleton, and mean FA values for the corticospinal tracts and

optic radiations, as outlined in the Julich Histological Atlas (Eickhoff

et al., 2005), were extracted for each subject.

2.12 | Statistical analysis

Demographics were compared between the POMS and control

groups using Student's t test for age and test of proportions for sex.

Generalized estimating equations (GEE, using an independent covari-

ance matrix) were used to compare visual gamma power, optic radia-

tion FA, and cuneus volume and thickness between groups, since

each subject had two values (one value per hemisphere). Linear

regression models were used to compare primary motor cortex oscil-

lation activity (B-ERD, MRGS, PMBR), primary motor cortex volume

and thickness, and corticospinal tract FA between groups, since the

right-hand button press was tested for left hemisphere motor cortical

responses only (one value per subject). All models for group-level

comparisons included age at scan as an adjustment variable. ON his-

tory was also checked for confounding in our primary analysis

(between visual gamma power in POMS vs. controls).

For MEG variables that significantly differed between the POMS

and control groups (p value <.05), their relationships to structural
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measures (cortical volume and thickness and FA) were investigated in

the entire cohort (both POMS and healthy controls) using multivariate

GEE models or linear regression, where appropriate, with disease group

(POMS vs. control) and age as adjustment factors. All analyses were per-

formed using Stata Statistical Software (STATA, Version 12.1, College

Station, TX: StataCorp LP); Statistical Analysis Software (SAS, Version

8, Cary, NC: SAS Institute Inc.) was used to generate predicted values

from the GEE models, and plots were generated using GraphPad Prism

(Version 8.3.0, La Jolla, CA, GraphPad Software Inc.).

3 | RESULTS

3.1 | Clinical findings

POMS subjects (N = 14) and healthy controls (N = 15) were enrolled

(Table 1). Controls were age and sex matched when possible: nine POMS

subjects were sex- and age-matched within 1 year, while four POMS

subjects were age-matched within 3 years. There were no differences in

age or sex between POMS and controls (Table 1). Seven POMS patients

had a remote history of ON, five with unilateral and two with bilateral

ON. Additional clinical features for the POMS group are presented in

Table 1. The POMS group had an average disease duration of 3.14 years,

median EDSS of 1, and a mean annualized relapse rate of 1.69.

3.2 | Visual gamma band response

After dropping trials for excessive head motion and noise (>10 pT), an

average of 92.8 (SD 5.6) trials for controls and 90.7 (SD 4.1) trials for

POMS subjects were retained and included in the visual gamma band

differential source power analysis. The number of retained trials did

not differ between controls and POMS subjects.

A visual gamma band peak response was detected in 23 of the

28 contralateral hemispheres in the POMS group compared to 28 of

30 in the control group (Table 2). Only one subject, a POMS patient,

did not produce any visual gamma response (change in power relative

to baseline) to left- or right-hemifield presented visual stimuli. Two

POMS subjects produced contralateral peak visual gamma responses

(right hemisphere) to left-hemifield presented visual stimuli but did not

produce contralateral (left hemisphere) responses to right-hemifield

presented visual stimuli. One POMS subject produced a peak visual

gamma response in the hemisphere ipsilateral (left hemisphere) to the

hemifield of visual stimulus presentation (left hemifield). For purposes

of the visual gamma analysis, this single ipsilateral response was

treated akin to a complete absence of a response. Visual gamma power

was assigned a value of zero pseudo-t if the response was not

detected in the contralateral hemisphere.

Visual gamma power was reduced in the POMS group (mean

1.05, SD 0.84) relative to controls (mean 2.18, SD 1.52, p = .001,

Table 3, Figure 2a). Visual gamma band TFR plots and mean visual

gamma amplitude plots are depicted in Figure 3. We conducted a sen-

sitivity analysis removing the zero pseudo-t power values for those

subjects for whom a visual gamma response was not detected (N = 5)

or for whom a peak response was detected in the hemisphere ipsilat-

eral to the stimuli (N = 1), as assigning values of zero pseudo-t could

bias the POMS group mean. After restricting the analysis, the group-

level power differences remained (POMS mean 1.27, SD 0.76 vs.

control mean 2.3, SD 1.5; beta coefficient = .95; 95% confidence

interval = −1.61, −0.28; p = .005).

Of note, a history of ON did not influence the presence or

absence of gamma band responses (Table 2) or mean visual gamma

power (beta coefficient = −.22; 95% confidence interval = −1.2, 0.75;

p = .653). Visual gamma power in the control group was not signifi-

cantly affected by the mid-study upgrade in projector hardware (beta

coefficient = −.275; p = .620; 95% CI −1.36, 0.81).

3.3 | DTI of the optic radiations

The DTI sequences for one healthy control could not be analyzed due

to motion artifact. As expected from our previous work, we detected

a reduction in mean FA of the optic radiations in POMS compared

to healthy controls (p < .001, Table 3). An increase in the mean FA of

the optic radiations predicted an increase in visual gamma power

(p = .001, Table 4, Figure 4). This relationship remained (p = .035,

Table 4) after including disease status (POMS vs. control) as a covari-

ate (beta coefficient for case vs. control status −0.85; 95% CI −1.54,

−0.15, p = .017). Age was also included but did not impact the model

(beta coefficient = .02; 95% CI −0.10, 0.142; p = .708).

TABLE 1 Demographics and clinical features

Controls (N = 15) POMS (N = 14) p-Valuea

Age (years), mean (SD, range) 18.7 (2.0, 15.9–23.6) 17.5 (3.1, 11.0–24.4) 0.22

Sex, N (% female) 10 (66.7) 6 (42.9) 0.20

History of ON, N (%) N/A 7 (50) N/A

Disease duration (years), mean (SD, range) N/A 3.14 (3.06, 0.27–11.77) N/A

EDSS, median (range) N/A 1 (0–3.5) N/A

Annualized relapse rate, mean (SD, range) N/A 1.69 (1.2, 0.25–3.63) N/A

Abbreviations: EDSS, Expanded Disability Status Scale; N/A, not applicable; ON, optic neuritis; POMS, pediatric-onset multiple sclerosis; SD, standard deviation.
aAge was compared using the Student's t test for independent samples. The proportion of females to males was compared using the test of proportions.
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3.4 | Cuneus volume and cortical thickness

Cuneus thickness did not differ between POMS and controls

(Table 3). However, normalized cuneus volume was decreased in

POMS (p = .003, Table 3). Neither cuneus volume nor thickness

predicted visual gamma power (Table 4).

3.5 | Behavioral (motor) responses

After dropping trials for excessive head motion (>1 cm), noise (>10 pT),

and anticipatory button-press responses, an average of 85.6 (SD 10.6)

trials for controls and 86.5 (SD 5.9) trials for POMS subjects were

retained and included in the behavioral (motor) response and

subsequent motor cortical oscillations analyses. The number of retained

trials did not differ between controls and POMS subjects. Reaction time

was delayed in POMS (mean 416.8 ms, SD 19.4) when compared to

controls (mean 347.4 ms, SD 16.6, p = .018, Table 3).

3.6 | Motor cortical oscillations

The youngest (11-year-old) POMS subject produced a PMBR

response (pseudo-t) almost two standard deviations below the mean

of the values for the other POMS subjects. Given our finding that sub-

jects younger than 13 years of age do not typically produce a signifi-

cant PMBR response (Gaetz et al., 2019), the 11-year-old POMS

subject was dropped from the MEG motor analyses, as the absence of

TABLE 2 Visual gamma responses and power for each subject

Group
Age
(years) Sex

ON
history

Visual stimulus presented in lower left hemifield Visual stimulus presented in lower right hemifield

Visual gamma response
(location)

Visual gamma power,
pseudo-t

Visual gamma response
(location)

Visual gamma power,
pseudo-t

POMS 19.78 M Left Present, RH 1.6 Present, LH 1.6

POMS 17.75 M None Absent — Absent —

POMS 24.39 M Bilateral Ipsilateral, LH — Present, LH 0.5

POMS 13.36 F Left Present, RH 2.1 Present, LH 0.8

POMS 18.62 M None Present, RH 1.9 Present, LH 1.5

POMS 14.83 M Left Present, RH 0.3 Present, LH 1.6

POMS 16.73 F None Present, RH 0.7 Present, LH 0.6

POMS 18.16 F None Present, RH 1.3 Present, LH 0.6

POMS 19.30 M None Absent — Present, LH 0.6

POMS 11.00 F Right Present, RH 0.5 Present, LH 0.7

POMS 18.02 M None Present, RH 1.7 Present, LH 2.9

POMS 17.89 F Bilateral Absent — Present, LH 0.4

POMS 17.07 F Left Present, RH 1.6 Present, LH 2.7

POMS 18.51 M None Present, RH 0.9 Present, LH 2.2

Control 18.76 F N/A Present, RH 4.5 Present, LH 3.1

Control 20.00 F N/A Present, RH 2.8 Present, LH 3.6

Control 16.15 F N/A Present, RH 1.6 Present, LH 1.9

Control 18.47 F N/A Present, RH 0.7 Present, LH 1.9

Control 16.60 F N/A Present, RH 0.9 Present, LH 2.0

Control 23.58 F N/A Present, RH 1.7 Present, LH 3.4

Control 15.87 F N/A Present, RH 2.5 Present, LH 2.5

Control 20.36 F N/A Absent — Present, LH 1.6

Control 19.92 F N/A Present, RH 0.6 Present, LH 0.3

Control 17.31 F N/A Present, RH 0.7 Present, LH 2.2

Control 17.48 M N/A Present, RH 2.8 Present, LH 2.6

Control 17.62 M N/A Present, RH 1.4 Present, LH 0.5

Control 20.02 M N/A Absent — Present, LH 2.4

Control 19.65 M N/A Present, RH 6.5 Present, LH 5.5

Control 19.24 M N/A Present, RH 2.3 Present, LH 2.8

Abbreviations: F, female; M, male; N/A, not applicable; ON, optic neuritis; LH, left hemisphere of the brain; POMS, pediatric-onset multiple sclerosis; RH,

right hemisphere of the brain.
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a robust PMBR could have been due to normal maturational factors.

All peak MEG motor cortical oscillations were generated in the

hemisphere of the brain contralateral (left) to the hand executing

the button press (right). The group-averaged differential SAM PMBR

response observed following right finger button press is depicted for

POMS subjects and controls in Figure 2b. PMBR time-to-peak latency,

MRGS activity, and B-ERD activity did not differ between POMS and

controls (Table 3). However, the PMBR amplitude measured at peak

latency was reduced in POMS (p = .011, Table 3, Figure 5).

3.7 | DTI of the corticospinal tracts

Mean FA of the corticospinal tracts did not differ between groups (left

hemisphere only, Table 3). Mean FA of the corticospinal tracts did not

predict the PMBR amplitude measured at peak latency or reaction

time (Table 4).

3.8 | Primary motor cortex volume and cortical
thickness

Neither normalized primary motor cortex volume nor thickness dif-

fered between POMS and healthy controls (left hemisphere only,

Table 3). Neither measure predicted the PMBR amplitude measured

at peak latency nor reaction time (Table 4).

4 | DISCUSSION

We demonstrate differences in visual and motor cortical responses

using MEG in POMS subjects compared to healthy youth. With

respect to the visual cortex, visual gamma power is reduced in POMS,

which appears to be related, at least in part, to the extent of disrup-

tion of visual pathway integrity and not to thickness or volume of the

cuneus. Decreases in MEG oscillatory responses, structural measures,

F IGURE 2 Visual gamma band and postmovement beta rebound cortical differential activity. LH, left hemisphere; LT, left temporal; POMS,
pediatric-onset multiple sclerosis; RH, right hemisphere; RT, right temporal. (a) The cortical response to left and right visual gamma stimuli is
compared in controls and POMS subjects. For stimuli presented in the lower-left hemifield, the group-averaged location of peak visual gamma

power is observed in the right hemisphere cuneus at Talairach coordinates (11, −83, 15) for controls and (9, −83, 11) for POMS subjects. For
stimuli presented in the lower-right hemifield, the group-averaged location of peak visual gamma power is observed in the left hemisphere cuneus
at Talairach coordinates (−11, −87, 11) for controls and (−17, −87, 9) for POMS subjects. Visual gamma power is reduced in POMS subjects
compared to controls. (b) The group-averaged PMBR response observed following right finger button press is compared for controls and POMS
patients. The group-averaged location of peak PMBR response is observed in the left primary motor cortex at Talairach coordinates (−33, −21,
61) for controls and (−29, −15, 67) for POMS subjects
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and reaction time occurred in the POMS subjects despite their young

age, short disease duration (3.14 years), and low disability scores

(median EDSS 1).

Our findings of reduced visual gamma band power in POMS are

supported by prior studies in adult-onset disease (Barratt et al., 2017;

Stickland et al., 2019). In a cohort of 21 adult MS patients (mean age

42 years, SD 11) and 22 age- and sex-matched healthy controls, a sig-

nificant decrease in visual gamma band power occurred in adult MS

subjects compared to controls (Barratt et al., 2017). Similarly, a reduc-

tion in gamma band power at an averaged peak amplitude in the time-

frequency domain was detected in 14 adult MS patients (mean age

43.5 years, SD 3.5) compared to 10 age- and sex-matched healthy

controls (Stickland et al., 2019).

While the neurobiological underpinnings of reduced gamma

power have not been fully elucidated, cortical oscillations are gener-

ated by the harmonized firing of excitatory and inhibitory neurons.

For example, regional decreases in the excitatory neurotransmitter

glutamate have been demonstrated in primary progressive MS in

adults and correlates in MS subjects with deficits in visuospatial learn-

ing and memory (Muhlert et al., 2014). Alternations in the inhibitory

neurotransmitter, gamma-aminobutyric acid (GABA), in the sensori-

motor cortex in adult MS were associated with changes in motor per-

formance (Bhattacharyya, Phillips, Stone, Bermel, & Lowe, 2013;

Cawley et al., 2015), although the GABA concentrations varied in

these studies. Relevant to our work, it has been postulated that

disruptions in GABAergic signaling may contribute to decreased visual

gamma power (Barratt et al., 2017; Stickland et al., 2019). In addition,

GABA has been implicated in synaptic plasticity and neuroprotection

(Saji & Reis, 1987; Stagg, 2014). Of note, the first clinical manifesta-

tions of POMS typically occur in adolescence during a time of active

maturation and pruning of the cortex, thus we hypothesize that addi-

tional alternations in glutamate and GABA may be occurring unique to

this patient population.

Reductions in cortical oscillatory activity may result from intra-

cortical neurotransmitter alterations; however, MS is a complex disease

with simultaneous gray and WM degenerative processes contributing

to disability. Thus, we could not exclude the possibility of reduced cor-

tical activity from anterograde degeneration of WM tracts. To our

knowledge, no previous study in MS using MEG has specifically evalu-

ated the relationship between gamma band power, volumetric, and DTI

data. In our prior work, we demonstrated reductions in FA in normal-

appearing WM in the optic radiations of POMS subjects compared to

healthy controls (Datta et al., 2019). This relationship remained after

removing lesional tissue in the optic radiations. Thus, in the current

paper, we explored the entirety of the optic radiations (lesional and

nonlesional tissue), as this indeed represents the brain tissue operative

for a given POMS patient. Decreases in FA predicted visual gamma

power, even after accounting for group differences (POMS vs. control).

In adults with ON, DTI changes in the optic radiations were

detected during the 12 months following a unilateral attack among

F IGURE 3 Upper plots (a,b): Group-averaged time-frequency plots are shown for control and POMS. Results show reduced visual gamma
band activity observed from both the right (a) and left (b) hemispheres. Lower plots (c,d): Visual gamma power (averaged over the 30–80 Hz) is
contrasted between POMS (red) and control (black) responses from right (c) and left (d) hemispheres. POMS, pediatric-onset multiple sclerosis;
s, seconds
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38 adults (19 of whom were confirmed to have MS during the study)

compared to 23 healthy controls (Kolbe et al., 2016). Baseline FA of

the optic radiations was reduced in adult MS subjects compared to

controls, and the annualized rate of change after ON (−2.6% change

in FA per year) was greater than in healthy controls (−0.51% per year,

p = .006). Furthermore, changes in the FA of the optic radiations in

these adult MS subjects were associated with the rate of change of

V1 cortical thickness. In our prior cross-sectional study, we demon-

strated a reduction in visual cortex thickness in 20 POMS subjects

compared to 22 age- and sex-matched controls, as well as a relation-

ship between FA of the optic radiations and visual cortex thinning

(p = .017). However, V1, particularly the foveal confluence, was

spared in POMS, while extrastriate cortical regions were preferentially

affected.

In our current study, we specifically focused on the cuneus, the

region of the cortex where the peak visual gamma response occurred

(Barratt et al., 2017; Gaetz et al., 2012; Muthukumaraswamy

et al., 2009). Cuneus volume was decreased in POMS compared to con-

trols (p = .003), although groups did not differ in cuneus thickness. A

relationship between cuneus volume and visual gamma power was not

detected for either group. We acknowledge that, while the cuneus isT
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F IGURE 4 Fractional anisotropy (FA) of the optic radiations
predicts visual gamma power (pseudo-t) (generalized estimating
equation [GEE] model, adjusted for case status (POMS vs. control)
and age). POMS, pediatric-onset multiple sclerosis; HC, healthy
controls; CI, confidence interval. For each subject, FA and visual
gamma power (pseudo-t) values for the optic radiations and cuneus,
respectively, in healthy controls (blue) and POMS participants (red)
are depicted. This significant relationship (beta coefficient 9.47; 95%
confidence interval 0.66, 18.29; p = .035) implicates a reduction in
signaling via reduced white matter conduction in the optic radiations
as a contributing factor toward reduced visual gamma power
in POMS
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the primary region responding to visual stimuli, other cortical regions

and intercortical region communication likely contribute. Our small sam-

ple size precluded whole brain analytical methods, although such anam-

nestic methods will be a priority for future work.

Regarding oscillations in the primary motor cortex, the PMBR ampli-

tude associated with peak latency was decreased in POMS compared to

controls. We speculate that the reduction in PMBR amplitude suggests

reduced neuronal firing, which we hypothesize relates to either reduced

neuronal density or decreased neuronal excitability. However, unlike the

visual system, differences in PMBR amplitude could not be explained in

the POMS group by variations in corticospinal tract FA or primary motor

cortex volume or thickness. Primary motor cortex thickness and volume

were not statistically different between groups, although both were

decreased in the POMS group. Adult MS patients have a delay in the

time-to-peak of the PMBR response (Barratt et al., 2017); however,

PMBR time-to-peak latency in POMS was not impacted.

While we did not observe a relationship between PMBR time-to-

peak latency and primary motor cortex structural measures, we did

observe a negative relationship between reaction time and primary

motor cortex volume, although this relationship was not significant

after accounting for group differences (POMS vs. controls) and age.

Thinning of the primary motor cortex relates to performance on a

timed motor task in POMS (Datta et al., 2016).

We acknowledge the following limitations. POMS is a rare disor-

der, limiting recruitment for research studies. We further recognize

the large variance on the estimates in this small sample size. Although

we did not detect a relationship between ON history and visual

gamma power, we acknowledge that our small cohort of POMS sub-

jects (only half of whom had a history of ON) may have been under-

powered to appropriately investigate the effects of ON history on the

imaging metrics. We did not detect significant structural differences in

the motor pathways, although a larger sample size is needed to fur-

ther corroborate these findings. The projector was replaced near the

end of the study while age-matched controls were being enrolled,

although we did not detect a difference in visual gamma power before

and after the change.

We have demonstrated decreases in visual gamma power, cuneus

volume, and mean FA of the optic radiations in POMS subjects

despite their young age, mild disability, and short disease duration.

This supports our hypothesis of an early vulnerability of the

F IGURE 5 Postmovement beta rebound (PMBR) time-frequency and mean amplitude at group level peak locations. POMS, pediatric-onset
multiple sclerosis; s, seconds. (a) Time–frequency plots demonstrate PMBR amplitude is reduced in POMS subjects at peak latency. (b) Mean
PMBR peak amplitude, but not latency, is decreased in POMS (red) compared to healthy controls (black) (beta coefficient = −20.67; 95%
confidence interval = −37.09, −4.24; p = .016)
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extrastriate visual system in POMS. Further research is needed to

determine the relationship between these findings and the patients'

higher order visual and motor performance. Specifically, network con-

nectivity analysis would be of value to define response patterns and

whether reduced cortical oscillations are associated with a predicted

increase and expansion of regional activation to sustain neurological

performance and perception.
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