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Demyelination can be assessed structurally by magnetic resonance imaging (MRI) and
functionally with transcranial magnetic stimulation (TMS). Here, we combined these
techniques to investigate demyelination of the corpus callosum in multiple sclerosis (MS).
Our objective was to determine if corpus callosal demyelination impacts transcallosal
inhibition (TCI). TCI is a brief suppression of voluntary activity in the primary motor
cortex elicited by stimulation of the homologous region of the contralateral hemisphere,
which is assumed to be transmitted via the corpus callosum. MRI and TMS were
performed in 26 participants with MS and 10 controls. Myelin water fraction (MWF)
was measured in five regions of the corpus callosum and compared with the onset
latency, duration, and depth of TCI as measured by electromyography at the forearm.
Callosal MWF was greatest posteriorly compared to other regions of the corpus callosum.
Lower MWF in MS compared to controls was more pronounced in the posterior
corpus callosum. MS participants had a prolonged TCI duration (p = 0.016), which
correlated with EDSS (p = 0.020) and disease duration (p = 0.045). In MS, TCI depth
correlated negatively with the MWF of the posterior callosal midbody (p = 0.039), a
region thought to mediate TCI transmission. In summary, TCI duration was increased
in MS and demyelination of the posterior corpus callosum midbody was associated with
measurable functional changes. This work demonstrates the potential for combining MRI
and TMS with electromyography to draw insights about structure-function relationships
in MS pathophysiology.
Keywords: myelin water imaging, transcranial magnetic stimulation, multiple sclerosis, demyelinating diseases,
central nervous system, neurophysiology, corpus callosum
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INTRODUCTION

of transcallosal fibres as measured by TCI. We hypothesized
that localized MWF changes in the corpus callosum would be
correlated with TCI, especially onset latency and duration. In
this exploratory study, we sought to characterize the relationship
between CC MWF and TCI to examine whether the joint use of
imaging and functional studies could help inform CC function.

Multiple sclerosis (MS) is a central nervous system (CNS) disease
characterized by demyelination in focal lesions and normal
appearing white matter (NAWM). In vivo assessment of myelin
loss in MS can be ascertained with magnetic resonance imaging
(MRI) by using myelin water imaging. The principles of myelin
water imaging are based on the fact that in CNS tissue the MR
signal decay due to T2 relaxation follows a multi-exponential
time course. Non-negative least squares methods can fit the T2
decay curve to a sum of exponential components [1], which arise
from water in different environments. The myelin water fraction
(MWF) is the signal fraction with short T2 times (10–40 ms)
arising from water trapped between myelin bilayers and has been
validated as a marker for myelin in CNS tissue [2–7]. MWF
may be employed to quantitatively monitor demyelination in MS
[8, 9]. Lesions demonstrate heterogeneously decreased MWF and
NAWM MWF is ∼16% lower on average in individuals with MS
than in controls [8].
An alternate approach for investigating CNS damage
in MS employs transcranial magnetic stimulation (TMS).
TMS has been utilized to non-invasively investigate cortical
excitability, functional connectivity, and underlying white matter
tract integrity in humans in vivo [10]. TMS applied over
the motor cortex (M1) generates motor evoked potentials
(MEPs) in contralateral musculature via the corticospinal tract.
The magnitude of transcallosally-mediated inhibition between
homologous M1 representations can also be interrogated with
TMS. When TMS is applied over M1 during a volitional
contraction of a muscle ipsilateral to the side of stimulation,
a transient inhibition of muscle activity is observed due to
transcallosally-mediated inhibition [11, 12]. The degree of
inhibition is represented by the magnitude of suppression of
activity in the electromyogram (EMG) of the ipsilateral muscle,
termed the ipsilateral silent period (iSP) [13]. Longer durations of
the iSP and/or greater EMG suppression during the iSP represent
larger degrees of transcallosally-mediated inhibition measured
with TMS. In previous work, individuals with MS displayed
delayed onset and prolonged duration, but similar depth of
inhibition on average, when compared with healthy controls
[14, 15]. iSP onset and duration correlate with the total area of MS
lesions in the CC [16], and an absence of an iSP has been observed
in individuals with lesions in the CC arising from infarcts and
other abnormalities [13, 17].
Used together, MWF imaging and TMS-evoked EMG
responses have the potential to provide complementary
information about the structure-function relationship in brain
white matter. Other MRI techniques such as diffusion tensor
imaging, in conjunction with TCI, have uncovered potential
relationships between functional connectivity and white matter
fibre microstructure in healthy adults [18]. However, DTI
does not provide a specific measure of myelin content as it is
influenced by crossing fibres (although, this may be less of an
issue in the CC) and the presence of MS pathology such as
oedema or inflammation [19, 20]. MWF, as a myelin-specific
imaging marker, has the potential to enable demonstration of the
impact of diffuse demyelination on the functional connectivity
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MATERIALS AND METHODS
Study Participants
Twenty-six individuals with relapsing remitting MS (RRMS),
ages 28–59 years (mean age 42.0 years, 5 males/21 females),
were included in the study, as well as 10 healthy controls
recruited from the university community (mean age 43.4 years,
2 males/8 females). The MS cohort had an Kurtzke Expanded
Disability Status Scale (EDSS) [21] range of 0.0–6.0 (median:
2.0) and a disease duration of 0.5–28 years (mean: 7.54 years)
(Figure 1). All MS participants were on glatiramer acetate (GA,
Copaxone R ) treatment at the time of testing, and had previously
been prescribed GA treatment for 0–4.5 years (mean length of
time on GA = 1.15 years). All study participants provided written
informed consent and all study procedures were approved by
the University of British Columbia Clinical Ethics Research
Board (H09-01938).

Magnetic Resonance Imaging Protocol
and Analysis
MRI Acquisition
MRI scans were performed on a Philips 3.0 T Achieva scanner
with an 8 channel head coil to collect the following sequences:
(1) axial 3DT1 -weighted turbo field echo (TR: 1,638 ms, TE:
3.5 ms, TI: 850 ms, voxel: 1.00 × 1.00 × 1.00 mm), (2) sagittal 3D
combined gradient echo and spin echo (GRASE) [22, 23] (TR:
1,000 ms, echo spacing: 10 ms, 32 spin echoes with a gradient
echo immediately before and another immediately after, voxel
acquired at 0.99 × 1.01 × 5.00 mm, reconstructed to 0.96 ×
0.96 × 2.5 mm, sense factor 2), and (3) sagittal 3D turbo spin
echo double inversion recovery [TR: 8,000 ms, TEeff: 156 ms,
TI: 3,200/500 ms, voxel acquired at 1.00 × 1.00 × 2.00 mm,
reconstructed to 1.00 × 1.00 × 1.00 mm, sense factor 2.5 (phase)
and 2 (slice)].

Image Registration
Registration was performed using the software tools provided by
The Oxford Centre for Functional Magnetic Resonance Imaging
of the Brain (FMRIB), the FMRIB Software Library (FSL) [24, 25].
3DT1 images of each subject were registered to T2 GRASE images
using FMRIB’s Linear Image Registration Tool (FLIRT) to allow
delineation of the CC for region of interest (ROI) selection.

Calculation and Mapping of Myelin Water Fraction
The T2 decay curve obtained by the T2 GRASE sequence
was modelled by multiple exponential components and the T2
distribution was estimated using non-negative least squares with
the extended phase graph algorithm [22] applied in order to
account for the effect of stimulated echo artefact on the decay
curves. MWF in each image voxel was computed as the ratio of
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FIGURE 1 | The MS group participants included 5 males and 21 females of age 28–59 years, with an EDSS range of 0–6, a disease duration of 0.5–28 years, and a
glatiramer acetate use duration of 0–5 years. Demographics for 10 age and gender matched controls are also shown.

checks, automated segmentation was also undertaken and MWF
values were compared to rule out significant discrepancies. This
allowed us to ensure that MWF mean values would not change
dramatically with slightly different ROIs and mitigated the risk
of bias. Automated segmentation of the CC was performed by
registration of the JHU ICBM atlas CC region in FSL [28–30].
T2 GRASE images were registered onto 3DT1 images and masks
obtained by automated segmentation were applied to MWF maps
co-registered using the same registration matrix.

Obtaining an Anterior-to-Posterior CC MWF
Distribution
Within the CC, MWF was averaged across all vertical voxel-thick
strips in each sagittal slice and interpolated linearly to 100 values
between the anterior and posterior ends. These 100 values per
slice were averaged across slices, yielding an anterior-to-posterior
MWF distribution for each individual. These distributions were
then averaged across all participants with MS and controls
separately and a 95% confidence interval was calculated for
each point.

FIGURE 2 | The corpus callosum was segmented into structurally distinct
regions for analysis of regional myelin water fraction. This was performed by an
automated system which identified a maximum length anterior-posterior (AP)
line and selected segments based on fractional AP position. The segments
have been shown to contain fibres connecting (I) prefrontal, (II) premotor and
supplementary motor, (III) motor, (IV) sensory, and (V) parietal, temporal, and
occipital regions [26].

the area under the T2 distribution between 10 and 40 ms to the
total area under the distribution [1, 22].

Transcranial Magnetic Stimulation Protocol
and Analysis

Region of Interest Analysis

Transcranial Magnetic Stimulation

The CC was defined in the sagittal plane of registered images
by manually selected ROIs with a minimum lateral width of
7 mm (central slice + 3 mm in each direction from the midline).
MWF values were averaged over the whole CC, as well as in
five anterior to posterior fractions defined slice-wise based on
the scheme proposed by Hofer and Frahm [26] (Figure 2). This
segmentation scheme provides regions roughly in agreement
with more recent work [27] while unambiguously delineating
segments along the maximum-length anterior-posterior (A-P).
A single unblinded rater drew all ROIs. For quality assurance
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TMS was performed using a figure-of-eight coil attached
to a Magstim 2002 stimulator targeting the motor cortex
representation of the contra-lateral forearm extensor
musculature. Recording electrodes for EMG were placed
on the extensor carpi radialis (ECR) muscle bilaterally with the
ground electrode on the olecranon process of the elbow. The
optimal site for TMS activation of the ECR was determined using
standard procedures [31]. The motor threshold was defined as
the lowest stimulation intensity that elicited a motor response in
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of the set of observations {y1 ...yn }. This resulted in normally
distributed data and is referred to here as the transformed
inhibition depth.

Independent MRI and TMS Analysis
Myelin water maps and TCI data were analysed independently
to identify differences between stimulated hemisphere
(left vs. right), study groups (MS vs. control), and CC
regions (I–V).
MWF values obtained from manual CC selection were
compared with values obtained by automated segmentation
using a paired t-test. Paired t-tests were performed to
assess differences in TCI between hemispheres. Two-tailed
homoscedastic student’s t-tests with a Holm-Bonferroni
correction were performed to test for differences in MWF and
TCI quantifiers between MS and controls. One-way ANOVA was
employed to compare mean MWF among the CC regions and
Tukey’s range test was performed for pairwise comparisons with
adjusted significance thresholds.
This analysis was visualized using standard boxplots
displaying means, quartiles, and outliers. p-values were reported
and values below 0.05 were taken to be statistically significant.
All reported margins of error represent 95% confidence intervals.

FIGURE 3 | Transcallosal inhibition (TCI) of voluntary hand contraction was
elicited by transcranial magnetic stimulation of the ipsilateral motor
representation of the hand. The ipsilateral silent period (iSP) was identified on
the resulting electromyogram as a transient inhibition of voluntary activity and
its onset, duration, and depth were quantified as shown.

ECR of ≥50 µV in 5 of 10 trials [32]. Participants were asked to
perform a voluntary contraction to 20% of their maximal force
using an isometric hand dynamometer. TMS stimulus intensity
was adjusted to 1.5 times the threshold for evoking a motor
response or to maximum output if the threshold exceeded 66% of
the maximum stimulator output. Study participants performed
an isometric grip contraction using the hand ipsilateral to the
stimulated hemisphere. Transient inhibition in voluntary EMG
activity was used to quantify the iSP. The stimulation protocol
was performed bilaterally starting with a randomly selected side.

Correlations
Scatterplots between MWF data (whole CC and regions I–V) and
TCI quantifiers (onset, duration, and depth) were used to identify
correlations in individuals with MS alone. Pearson productmoment correlations were performed and correlation test pvalues were computed and adjusted for multiple comparisons
using a Holm-Bonferroni correction.

Ipsilateral Silent Period Identification
EMG data was averaged across 20 trials per participant per
hemisphere to achieve a satisfactory signal-to-noise ratio.
Automated detection located the minimum point in the EMG
data between 15 and 90 ms after the TMS stimulus, within the
physiological range of TCI times. It then located the onset (start)
and offset (end) times of the iSP as the nearest points above the
pre-stimulus mean on either side of the minimum (Figure 3).
Where adjustment of the automated selection was required or
the iSP was absent, traces were reviewed in detail by at least two
researchers. iSP duration was calculated as the difference between
offset and onset times. The inhibition depth was calculated by
subtracting the mean iSP amplitude from the mean iSP prestimulus amplitude.

RESULTS
Six MS participants and one control did not show
quantifiable bilateral TCI. In addition, one MS participant
had contraindications to TMS. These individuals were
incorporated into the MRI-only analysis, but omitted from
analyses where TMS data was required. One MS participant
had MRI contraindications and was excluded from analyses
requiring MRI data. Independent analyses of MRI and TMS
data, as well as correlations between MRI and TMS data are
reported here. Within our 26-participant cohort, no reported
structural or functional measurements were observed to differ
significantly between males and females (unadjusted p > 0.1 for
all 28 measured variables assessed).

Analysis of Myelin Water and TCI Data
Treatment of Non-normally Distributed Data
Non-normality in data was identified visually by histograms
and quantile-quantile (Q-Q) plots. Shapiro-Wilk tests with a
Holm-Bonferroni [33] adjusted p < 0.05 were taken as further
evidence of non-normality. All CC MWF and TCI measures
(onset, duration, and depth) yielded normally distributed data
with the exception of inhibition depth (Supplemental Figure 1).
Thus, for subsequent parametric analyses, inhibition depth values
were subject to a power transform. The Box-Cox method
identified the value of the optimal power parameter, λ, to be
zero [34]. Therefore, the transform yi = GM(y) ln yi was
1
Q
applied, where GM(y) = ( n1 yi ) n is the geometric mean
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MWF Was Higher in the Posterior CC Than
in the Anterior CC
We examined the association of MWF with both region and
group (MS vs. control) using a generalized estimating equations
(GEE) approach to account for repeated measures (withinsample error) and assuming independence between samples.
MWF varied significantly by region, and was highest in the
posterior CC (Figure 4). Post-hoc pairwise comparisons of
neighbouring regions with a Bonferroni correction of p-values
showed statistically significant differences between II and III (p
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FIGURE 5 | Analysis of inter-group differences in normally distributed TCI
measures by one-way ANOVA and non-normally distributed measures by the
non-parametric Kruskal-Wallis test. iSP duration was significantly increased in
MS whereas iSP onset and inhibition depth were not significantly different
between groups.

which was also not a statistically significant predictor of MWF
(Supplementary Figure 2).

iSP Duration Was Increased in Individuals
With MS Compared With Controls
Paired t-tests on iSP onset, iSP duration, and transformed
inhibition depth did not yield evidence of a significant difference
between stimulation of left and right hemispheres (iSP onset p
= 0.995, iSP duration p = 0.995, transformed inhibition depth p
= 0.358; Holm-Bonferroni adjusted p-values). TCI values were
averaged across the two hemispheres. A comparison between
individuals with MS and controls demonstrated that average
iSP duration was significantly prolonged in individuals with
MS compared to controls (MS: 36.0 ± 5.2 ms; control: 25.6 ±
8.2 ms; adjusted p = 0.048). There was no significant difference
in iSP onset and transformed inhibition depth between MS
and control groups (Figure 5). However, median values and
quantile-wise comparison suggested a possible subtle increase
in iSP onset latency and decrease in inhibition depth in
individuals with MS (Supplemental Figure 1). Considering this
finding, post-hoc analysis of clinical measures found that iSP
duration correlated with EDSS score (r = 0.614, p = 0.020)
and disease duration (r = 0.551, p = 0.045), whereas iSP onset
did not (Figure 6).

FIGURE 4 | (A) MWF was found to vary significantly by corpus callosal region
using a multivariate generalized estimating equations (GEE) model. MWF was
lower in MS than in controls, but this finding did not reach statistical
significance. Likelihood ratios are shown relative to their difference from control
group, region 1. (B) Boxplots of MWF in five regions of the CC in individuals
with MS and controls. Significant differences based on Tukey’s range test
between adjacent regions are shown. MWF averaged in voxel-thick vertical
strips in each sagittal slice were interpolated linearly to 100 values between
anterior and posterior ends, and then averaged across slices to obtain a CC
MWF distribution for each subject. These distributions were then averaged
across individuals with MS and controls separately, with 95% confidence
intervals shown.

MWF in Regions III and IV Correlated
Negatively With Inhibition Depth in MS
MWF in regions III and IV correlated negatively with
transformed inhibition depth in the MS group (Pearson productmoment correlation: r = −0.73, adjusted p = 0.0062 in both
regions). The same correlations were non-significant when MS
and control data was combined (r = −0.47, adjusted p = 0.17 in
region III; r = −0.53, adjusted p = 0.059 in region IV) (Figure 7).
iSP onset and duration did not correlate with MWF in any
region. No systematic artefacts were observed in the regression
standardized residuals.

= 2.4 × 10−6 ) and IV and V (p = 0.00061). This distribution
of MWF was seen independently in both MS and control groups
(Supplemental Table 1).
Although median MWF was consistently lower in MS across
all regions, this trend did not independently achieve statistical
significance (p = 0.12). In a separate model, we also examined
the interaction of group and region as a regression term,
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FIGURE 6 | Onset latency and duration of the ipsilateral silent period (iSP), as measured by transcranial magnetic stimulation, were correlated with MS clinical
measures. Correlation coefficients and p values were calculated based on Pearson correlation and adjusted for multiple comparisons by the Holm-Bonferroni method.

FIGURE 7 | Correlations between inhibition depth with Box-Cox power transform and MWF in regions III and IV of the CC. Data were fitted by Pearson regression.
Product-moment correlation coefficients and p-values adjusted for multiple comparisons by a Holm-Bonferroni correction are given.

DISCUSSION

transcallosal connectivity. TMS measures showed that iSP
duration was significantly prolonged in MS compared to
controls. We also found that the distribution of MWF across
the corpus callosum was in agreement with previous studies

This study investigated relationships between MRI-based
measures of CC myelination and TMS-based measures of

Frontiers in Physics | www.frontiersin.org
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FIGURE 8 | Selective demyelination may play a role in prolonged iSP duration. When compared with (1) a healthy white matter tract, (2) uniformly demyelinated tracts
in more advanced disease cause delayed iSP onset. However, (3) partially demyelinated tracts may lead to an increased iSP duration due to a wider distribution of
conduction velocities among individual neurons.

differed between MS and control groups, it did not correlate
with CC MWF.

[3, 35]. In addition, the MWF in CC regions III and IV (posterior
midbody) correlated with the transformed depth of inhibition.
MS participants showed reduced MWF along the length of
the corpus callosum. Although, the present analysis was not
sufficiently powered to confirm statistical significance, this
finding agrees with that of previous study [8]. These findings
allow us to draw conclusions both on the clinical utility of
these techniques as well as the underlying neurobiology of
CC demyelination.

Interpretation of the Correlation Between
Depth of TCI and CC Posterior Midbody
MWF
Inhibition depth correlated negatively with MS MWF in regions
III and IV of the CC, which make up the posterior midbody,
a region containing axons associated with the motor and
sensory cortices [26]. Lesion studies demonstrate that the
posterior midbody carries the majority of fibres associated
with transcallosal inhibition (TCI) [16, 39, 40]. In addition,
we found that tracts in the posterior midbody possessed 27%
higher MWF when compared with the anterior half of the CC
trunk. The decrease in MWF in the MS group from control
group was larger in the posterior regions than in the anterior
regions of the CC. This agrees with previous findings which
showed that the splenium of the CC has a higher MWF than
the genu by 26% in MS and 32% in controls, and that the
splenium has a significantly lower MWF in MS whereas the genu
does not [8].
The negative correlation between MWF in regions III/IV
and inhibition depth indicates that demyelination of these TCImediating regions is associated with greater inhibition depth.
Callosal atrophy and axonal damage have been previously shown
to weaken or eliminate TCI [36, 41]. Also, higher fractional
anisotropy values correlate with greater inhibition depth during
the iSP in healthy individuals [18]. Our data suggest the opposite
relationship between TCI and demyelination. This finding
suggests that demyelination within specific regions of the CC
alters TCI in a manner that differs from axonal damage. Given
that a polysynaptic circuit mediates TCI, the observed association
could possibly reflect compensatory intracortical mechanisms
that may explain this unexpected finding in MS. Future work
should characterize intracortical excitability in conjunction with
TCI assessments to better understand the relationships between
demyelination and cortical circuit excitability.
Because the CC has been observed to continually mediate
both inhibitory and excitatory processes [42], CC damage may
dysregulate these processes and cause TCI to either increase or
decrease in amplitude. For example, studies of CC damage and
its effect on neuromuscular tone have found that while congenital

iSP Duration May Be a More Sensitive
Biomarker of MS Disability Than iSP Onset
Latency
iSP duration was significantly longer in MS than in controls
while iSP onset latency and inhibition depth were comparable
between groups. Two previous studies observed both prolonged
iSP duration and increased iSP onset latency in MS patients
[14, 36]. In the first study [14], the MS subjects had greater EDSS
scores (range 2–8, median 3.0). For the second study [36], the MS
subjects had milder disability (EDSS 0–4.5, mean 1.5) Another
study on 49 RRMS subjects EDSS 0.0–4.0 (mean 1.3) observed
prolonged iSP duration but no change in iSP latency relative
to healthy controls [37]. Based on EDSS, our participants also
had less advanced disease (range 0–6, median 2.0). To assess the
effect of disease severity on iSP onset latency and duration, we
performed post-hoc analysis which demonstrated that, in our MS
participants, iSP duration correlated with clinical measures of
disability whereas iSP onset latency did not (Figure 6). Taken
together, these findings provide evidence that iSP duration
may be a more sensitive biomarker than delayed iSP onset in
individuals with lower disability as measured by EDSS.
We propose that our observations may arise from incomplete
demyelination, resulting in a “spreading” of TCI, thereby
prolonging the iSP duration rather than delaying iSP onset
(Figure 8). One proposed mechanism of selective neuronal
damage is size-selective demyelination, with smaller axons
demonstrating a greater susceptibility to damage [38]. When
compared with a healthy white matter tract, uniformly
demyelinated tracts in more advanced disease cause delayed iSP
onset. However, partially demyelinated tracts may lead to an
increased iSP duration due to a wider distribution of conduction
velocities among individual neurons. Although iSP duration
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encourage further study in the combined use of MRI and TMS
techniques for monitoring neurological disease. This study serves
as a starting point for understanding how these non-invasive
methods can enable in vivo characterization of the structurefunction relationships of myelin.

agenesis of the CC is linked with decrease muscle tone [43], CC
injury has also been observed to cause hypertonia in some animal
models [44].
Our findings demonstrate that the tracts of regions III and
IV of the CC, previously shown to mediate TCI, are highly
myelinated in healthy brains but undergo demyelination in MS
that is more severe than other regions of the CC. Demyelination
in this critical region, as assessed by MWF, correlates with
increases in TCI in MS participants but not controls. This
amounts to a localizable structure-function relationship within
the CC characterized by MRI and TMS together.
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CONCLUSIONS
Our study investigated the process of TCI, the distribution of
CC MWF, and the effects of CC demyelination on transcallosal
connectivity in RRMS. Taken together with previous studies,
our work further describes the diagnostic value of iSP onset
and duration, demonstrating that iSP duration is a sensitive MS
biomarker. The pairing of myelin water imaging and TMS has
elucidated structure-function relationships of CC myelination.
Correlations between MWF and inhibition depth provide
evidence that demyelination in the posterior CC, particularly
regions III and IV, can increase inhibition depth. This supports
the notion that the posterior midbody of the CC mediates
TCI and demonstrates that increases in TCI magnitude may be
indicative of demyelination. It is our hope that these findings
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