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Callosal Interhemispheric Communication in Mild
Traumatic Brain Injury: A Mediation Analysis on WM

Microstructure Effects
Sohae Chung, Tamar Bacon, Joseph F. Rath, Alaleh Alivar, Santiago Coelho, Prin Amorapanth, Els Fieremans,

Dmitry S. Novikov, Steven R. Flanagan, Joshua H. Bacon, and Yvonne W. Lui

ABSTRACT

BACKGROUND AND PURPOSE: Because the corpus callosum connects the left and right hemispheres and a variety of WM bundles
across the brain in complex ways, damage to the neighboring WM microstructure may specifically disrupt interhemispheric commu-
nication through the corpus callosum following mild traumatic brain injury. Here we use a mediation framework to investigate how
callosal interhemispheric communication is affected by WM microstructure in mild traumatic brain injury.

MATERIALS AND METHODS: Multishell diffusion MR imaging was performed on 23 patients with mild traumatic brain injury within
1 month of injury and 17 healthy controls, deriving 11 diffusion metrics, including DTI, diffusional kurtosis imaging, and compartment-
specific standard model parameters. Interhemispheric processing speed was assessed using the interhemispheric speed of process-
ing task (IHSPT) by measuring the latency between word presentation to the 2 hemivisual fields and oral word articulation.
Mediation analysis was performed to assess the indirect effect of neighboring WM microstructures on the relationship between
the corpus callosum and IHSPT performance. In addition, we conducted a univariate correlation analysis to investigate the direct
association between callosal microstructures and IHSPT performance as well as a multivariate regression analysis to jointly evaluate
both callosal and neighboring WM microstructures in association with IHSPT scores for each group.

RESULTS: Several significant mediators in the relationships between callosal microstructure and IHSPT performance were found in
healthy controls. However, patients with mild traumatic brain injury appeared to lose such normal associations when microstruc-
tural changes occurred compared with healthy controls.

CONCLUSIONS: This study investigates the effects of neighboring WM microstructure on callosal interhemispheric communication
in healthy controls and patients with mild traumatic brain injury, highlighting that neighboring noncallosal WM microstructures are
involved in callosal interhemispheric communication and information transfer. Further longitudinal studies may provide insight into
the temporal dynamics of interhemispheric recovery following mild traumatic brain injury.

ABBREVIATIONS: aCR/sCR/pCR ¼ anterior/superior/posterior corona radiata; aIC/pIC/rIC ¼ anterior/posterior/retrolenticular limb of the internal capsule;
CC ¼ corpus callosum; Cg ¼ cingulum (cingulate gyrus); Ch ¼ cingulum (hippocampus); Da ¼ intra-axonal diffusivity; De

|| ¼ extra-axonal axial diffusivity; De
\ ¼

extra-axonal radial diffusivity; DKI ¼ diffusional kurtosis imaging; ƒ ¼ axonal water fraction; FA ¼ fractional anisotropy; gCC/bCC/sCC ¼ genu/body/splenium
of corpus callosum; IHSPT ¼ interhemispheric speed of processing task; L ¼ left; LVF ¼ left visual field; MD/AD/RD ¼ mean/axial/radial diffusivities; MK/AK/RK ¼
mean/axial/radial kurtosis; MTBI ¼ mild traumatic brain injury; R ¼ right; RT ¼ reaction time; RVF ¼ right visual field; SFOF ¼ superior fronto-occipital fasciculus;
SLF ¼ superior longitudinal fasciculus; SM ¼ standard model; TBSS ¼ Tract-Based Spatial Statistics

Mild traumatic brain injury (MTBI), commonly known as
concussion, is a major public health problem with potentially

serious clinical sequelae for weeks to months after injury or even

longer.1,2 It is known that stretch and torsion injury to the WM can

occur after head injury and that the corpus callosum (CC) is partic-

ularly at risk.3,4 Several MTBI studies using diffusion MR imaging

to study human brain microstructure corroborate findings from

biomechanical modeling reflective of this finding.5-8

The CC forms a critical central pathway for interhemispheric

communication and information transfer. Damage to the CC is

likely to impact normal interhemispheric communication9,10 and

could contribute to the complex and subtle symptoms central to

MTBI.11,12 Indeed, some prior studies have shown that callosal

degradation may influence the information transfer and integration
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between the hemispheres in patients with CC degradation as well as

in normal aging.13 Also, an association between posterior callosal
atrophy and slowed cross-hemisphere processing of visual informa-

tion has been shown in patients with MS.14 However, impairments
relating to callosal injury are not easily identified. Further compli-

cating the situation, the CC does not function alone but instead
connects adjacentWMbundles across the brain in an intricate way15

that could mediate the callosal interhemispheric communication.
Because MTBI comprises a heterogeneous group of injuries

and manifests as a heterogeneous group of symptoms, there is a
great need for focused studies of region-specific injury and its
impact on specific functional domains. Therefore, the purpose of
this work is to study how callosal interhemispheric communica-
tion is affected by WM microstructure in patients with MTBI
compared with healthy controls. Callosal and neighboring WM
microstructures are studied in both healthy controls and patients
with MTBI using advanced diffusion MR imaging methods

including DTI,16 diffusional kurtosis imaging (DKI),17 and the
standard model (SM) of diffusion in WM18,19 to tap tissue micro-
structure noninvasively. While DTI and DKI parameters are, by
design, not specific to tissue components,20 the SM can estimate
biophysically more meaningful and compartment-specific pa-
rameters of tissue microstructure,21,22 including axonal water
fraction (ƒ), intra-axonal diffusivity (Da), and extra-axonal axial
and radial diffusivities (Djj

e and D?
e , respectively). Several studies

including animal validation21,23 and in vivo human studies6,24-27

suggest that these parameters are more informative than empiri-
cal diffusion measures.

A visual stimulus-response test, the interhemispheric speed of
processing task (IHSPT),14 has been used in this work to assess
interhemispheric processing speed. The IHSPT measures latency
in articulating a word presented to the left hemi-visual field,
requiring information to travel across hemispheres (Fig 1). It has
been shown that performance on this task is facilitated through
the CC, a critical pathway for interhemispheric communica-
tion.14,28 Here, we hypothesize that there are measurable changes
in neighboring WM microstructures in patients with MTBI that
may disrupt the callosal interhemispheric communication. A
mediation framework is used to investigate how a neighboring
WM microstructure (ie, mediator) indirectly affects the associa-
tion between callosal microstructure and interhemispheric proc-
essing in MTBI (Fig 2B). In addition, a univariate correlation
analysis is performed to investigate the direct association between
callosal microstructures and IHSPT performance, and a multivar-
iate regression analysis is performed to jointly evaluate both cal-
losal and neighboring WM microstructures simultaneously in
association with IHSPT performance for each group.

MATERIALS AND METHODS
Study Population
This study has been approved by our Institutional Review Board,
and all experiments were performed under relevant guidelines
and regulations. All subjects were prospectively recruited from
the Institutional Concussion Center or Emergency Department and
provided written informed consent before the procedure. Inclusion
criteria were the following: 1) age range of 18–65years, 2) diagnostic
MTBI criteria defined by the American Congress of Rehabilitation
Medicine29 including loss of consciousness of,30minutes, and 3)
brain injury within 1month. We excluded patients with the fol-
lowing: 1) a reported history of head trauma, neurologic illness, or

psychiatric disorders; 2) a history of par-
ticipation in organized contact sports; 3)
any contraindication to MR imaging;
and 4) non-right-handed individuals
to avoid the confounding effects of
handedness in IHSPT test performance.
We studied 23 patients with MTBI
(mean age, 36 [SD, 14] years; 9 men)
and 17 healthy controls (mean age, 34
[SD, 1] years; 8 men). Postconcussion
symptoms were assessed by using the
Rivermead Postconcussion Symptoms
Questionnaire.30 The mean total scores
of this questionnaire for patients with

FIG 1. A schematic illustration of the IHSPT probes of hemispheric
and callosal WM integrity by measuring processing speed and latency
in the articulation of words presented to the LVF and RVF in individu-
als with left-hemisphere language dominance and vice versa for right-
hemisphere-dominant individuals. For individuals with left-language
dominance (most), visual information presented to the RVF projects
to the left primary visual cortex with access to primary language cen-
ters in the same hemisphere (blue), whereas visual information from
the subject’s LVF projects to the contralateral (right) primary visual
cortex and must then cross the midline to access core language cen-
ters in the left brain (red). A difference in latency between presenta-
tion and oral articulation of the word can be measured to tap
interhemispheric processing speed.

FIG 2. Path diagrams illustrate the total (or entire) effect model (A) and the mediation model
(B).19 The mediation model decomposes the total effect, c, into the direct effect, c’, and the indi-
rect effect, ab ¼ c–c’, where a is the independent-mediator effect and b is the mediator-out-
come effect. The paths a, b, c, and c represent the regression coefficients.
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MTBI were 23 (SD, 16). The characteristics of the study population
are summarized in the Table. For all subjects, brain MR imaging
and an IHSPT test were acquired within 1week of each other.

MR Imaging Acquisition
MR imaging was performed on 3T MR imaging scanners
(Magnetom Skyra or Magnetom Prisma, Siemens), with 23 sub-
jects using Magnetom Skyra and 17 using Magnetom Prisma.
Multishell diffusion imaging was performed with 5 b-values (250,
1000, 1500, 2000, 2500 s/mm2) along with 5 diffusion-encoding
direction schemes (6, 20, 20, 30, 60, respectively) using multiband
(factor of 2)31 EPI for accelerated acquisitions with an anterior-
posterior phase-encoding direction. Other parameters included
the following: FOV¼ 220� 220mm, matrix¼ 88� 88, number
of slices¼ 56, 2.5-mm isotropic resolution, a partial Fourier fac-
tor ¼ 6/8, TR/TE¼ 4900/95ms, bandwidth¼ 2104Hz/pixel, a
generalized autocalibrating partially parallel acquisition factor
of 2. Three nonweighted diffusion images (b¼ 0 s/mm2) were
also acquired. An additional image with b¼0 s/mm2 with a
reversed phase-encoding direction was acquired for geometric
artifact correction.32

IHSPT
The IHSPT test was used to evaluate the interhemispheric speed
of processing by measuring latency between words presented to
the left visual field (LVF) and right visual field (RVF) and the
subject’s oral articulation of these words.14 This test links visual
perception and expressive language, specifically testing interhe-
mispheric communication between primary visual and language
pathways. For left-language-dominant individuals, words pre-
sented to the RVF project to the left hemisphere, and the average
reaction time (RT) between presentation and articulation (Fig 1,
blue) is slightly faster than for words presented to the LVF, which
project to the right hemisphere and then are required to cross the
midline to access core language centers in the left hemisphere
(Fig 1, red). This process is reversed for right-language-dominant
individuals. The test was performed using E-Prime 2.0 software
(Psychology Software Tools) to control the precision of visual
stimulus presentation and data collection. Each trial consisted
of a simple 3-letter word randomly presented for 150ms to ei-
ther the LVF or RVF. Subjects were instructed to speak the
word as quickly as possible, and the RT between presentation

and articulation was recorded auto-
matically. Eighty random trials were
conducted from a set of 110 three-let-
ter words. Trials were excluded if the
RT was 2 SDs above or below the sub-
ject’s own mean (considered distrac-
tion or a possible unrelated vocal
trigger). The IHSPT test score (per-
centage) was calculated using the
absolute difference of the median RTs
for LVF and RVF word presentations,
divided by the average RT between
them, and then multiplied by 100 to
obtain a percentage score. Note that
to account for individual variabilities

of language dominance, the absolute difference of the RTs
was used.

Image Analyses
Diffusion Image Processing. Denoising for the DWIs was per-
formed using the Marchenko-Pastur principal component analy-
sis method.33 By means of the Diffusion parameter EStImation
with Gibbs NoisE removal (DESIGNER) pipeline (https://github.
com/NYU-DiffusionMRI/DESIGNER-v2),34 denoised diffusion
images were corrected for Gibbs ringing artifacts35 and then were
rigidly aligned and corrected for eddy current distortions and
subject motion simultaneously.36 EPI-included distortions were
also corrected using a b¼0 image with reverse phase-encoding.32

For DTI parameters, a b-value of 1000 was used. In total, 11 dif-
fusion metrics including DTI (fractional anisotropy [FA], mean/
axial/radial diffusivities [MD/AD/RD]), DKI (mean/axial/radial
kurtosis [MK/AK/RK]), and SMmetrics (ƒ, Da, Djj

e , D
?
e ) were cal-

culated using in-house software (SMI toolbox; https://www.
smisupplychain.com/tools/smi-toolbox/).19,37 To minimize scanner
variability, we used ComBat (https://github.com/Jfortin1/ComBat
Harmonization)38,39 for harmonization of diffusion parametric maps,
preserving biologic variabilities such as age, sex, and disease group.

Tract-Based Spatial Statistics. Voxelwise group comparisons of
diffusion metrics were performed using Track-Based Spatial
Statistics (TBSS)36 with age as a covariate. Briefly, all subjects’ FA
maps were projected to the FA skeleton template (Montreal
Neurological Institute 152 space), which was thresholded at an FA
of 0.3 to restrict the analysis to WM regions with highly aligned
fiber bundles. Other diffusion maps underwent unified processes
by projecting them to the FA skeleton. Voxelwise analysis was then
performed on the skeleton for each diffusion parameter.

ROI. Twenty-seven ROIs were explored on the basis of being
major cerebral WM tracts, including the genu, body, splenium of
the CC (gCC, bCC, sCC), right and left anterior, posterior, retro-
lenticular limb of the internal capsule (aIC, pIC, rIC), anterior,
superior, posterior corona radiata (aCR, sCR, pCR), posterior
thalamic radiation, external capsule, cingulum (cingulate gyrus)
(Cg), cingulum (hippocampus) (Ch), superior longitudinal fasci-
culus (SLF), and superior fronto-occipital fasciculus (SFOF),
respectively. ROIs were generated on the basis of the John Hopkins

Characteristics of the patients and healthy controls

Patients with MTBI (n= 23) Healthy Controls (n= 17)
Male/female 9:14 8:9
Age (mean) (yr) 36 (SD, 14) 34 (SD, 11)
Education (mean) (yr) 16 (SD, 2) 17 (SD, 2)
Time since injury (mean) (days) 18 (SD, 8) –

Injury mechanism (No.)
Hit by object 8
Fall 8
Car collision 4
Assault 1
Other 2

RPQ total score (mean) 23 (SD, 16) 6 (SD, 8)
IHSPT score (mean) (range) (%) 5.8 (SD, 5.7) (0.1–25.6) 5.2 (SD, 3.1) (0.3–10.8)

Note:—RPQ indicates Rivermead Postconcussion Symptoms Questionnaire; IHSPT; Interhemispheric Processing
Speed Test.
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University ICBM-DTI-81 WM Atlas labels40 by nonlinearly regis-
tering each subject’s FA map to the FA template using FSL (http://
www.fmrib.ox.ac.uk/fsl).36 A reversed warping procedure was per-
formed to assign the atlas labels to each subject’s space. All ROIs
were manually reviewed and edited as needed. For each ROI, the
mean value of each diffusion metric was obtained only in voxels
with FA$ 0.3 to restrict the analysis toWM regions.

Statistical Analyses
Groups were compared in terms of sex using a Fisher exact test
and in terms of age using an exact Mann-Whitney U test. Group
differences on the IHSPT scores were assessed with 1-way
ANCOVA with age as a covariate.

Mediation analysis was performed to decompose the total
effect of the CC microstructure on IHSPT (c in Fig 2A) into a
direct effect (c’ in Fig 2B) and an indirect, mediated effect (ab in
Fig 2B) through 1 mediator (ie, neighbor WM microstructure),
where the paths a, b, c’, and c represented the regression coeffi-
cients in Fig 2. The mediation model used in this work included
1 mediator as shown in Fig 2B. Mediation analysis was conducted
using PROCESS41 in the SPSS (SPSS) framework with 5000 boot-
strap resamples adjusted for age. A significant mediated effect
was determined if the 95% CI did not contain zero.

In addition, we conducted a univariate correlation analysis
with age as a covariate to investigate the association between cal-
losal microstructures and IHSPT performance as well as a multi-
variate regression analysis to jointly evaluate both callosal and
neighboring WM microstructures in association with IHSPT
scores for each group. We used SPSS, Version 28.

For TBSS, statistical analysis was conducted with 5000 ran-
dom permutations to identify statistically significant voxels, cor-
rected for multiple comparisons with threshold-free cluster
enhancement. For ROI analysis, MANCOVA, was performed by
adjusting for age. The level of significance was set at P, .05.

RESULTS
Groups were not significantly different in terms of sex (P¼ .75,
Fisher exact test), age (P¼ .98, Mann-Whitney U test), and
IHSPT scores (P¼ .65, ANCOVA).

Mediation analysis found several significant mediators in the
healthy control group, located mostly in an array of areas: 1)
between gCC and IHSPT: aIC, pIC, rIC, aCRL, sCR, pCRL,
CgR, ChL, SLFL, SFOF; 2) between bCC and IHSP: aICL, pIC,
rICR, sCR, SFOFL; and 3) between sCC and IHSPT: aIC, pIC,
rICR, sCRL, ECR, ChR, SFOFL (Fig 3, upper row). Patients
with MTBI appeared to lose some of the normal associations
(Fig 3, lower row). More details are summarized in the Online
Supplemental Data.

Significant univariate correlations and a trend toward significance
between the CC and IHSPT scores were observed in the healthy con-
trol group: gCC (Da, r¼ 0.51, P¼ .046; Djj

e , r ¼ �0.49, P¼ .052)
and sCC (Da, r¼ 0.46, P¼ .071; Djj

e , r ¼ �0.58, P¼ .019), but
these relationships were not seen in the MTBI group.
Multivariate regression analysis also found significant associa-
tions of several WM regions with IHSPT scores mainly including
gCC, sCC, aICL, pICR, rICR, sCRL, SFOFL in the healthy control
group, but fewer WM regions in the MTBI group (Online
Supplemental Data), showing consistent results with the results
of mediation analysis.

Group differences were revealed using TBSS analysis in sev-
eral diffusion maps (Fig 4). There were significantly different
areas demonstrating lower FA, MK, AK, RK in the MTBI group
compared with the healthy control group as well as areas demon-
strating higher MD, AD, RD, Da, and D?

e in MTBI, mainly in
left-sided WM regions including bCC, aICL, aICl, aCRL, sCRL,
pCRL, ECL, CgL, SLFL and SFOFL. The results of ROI analyses
were consistent with TBSS results (Online Supplemental Data).

DISCUSSION
In this study, univariate analysis has found significant correla-
tions between callosal microstructures and IHSPT performance
in the healthy control group because we know that the callosum
serves as a link between 2 cerebral hemispheres, allowing them to
communicate. However, these relationships have not been seen
in the MTBI group. Moreover, we have found several significant
mediators in the healthy control group, involving mainly bilateral
WM regions including capsular WM, the corona radiata, cingulum,

FIG 3. Mediation analysis demonstrates significant indirect mediators (neighbor WM ROIs) in the relationships (A) between the genu of the CC
and IHSPT performance including areas (yellow) of aIC, pIC, rIC, aCRL, sCR, pCRL, Cg, ChL, SLFL, and SFOF in healthy controls (upper row) and no
area in patients with MTBI (lower row); (B) between the body of the CC and IHSPT performance including areas (green) of aICL, pIC, rICR, sCR,
SLFL, and SFOFL in healthy controls (upper row) and aICR, sCRR, SLFL, and SFOFR in patients with MTBI (lower row); and (C) between the splenium
of the CC and IHSPT performance including areas (purple) of aIC, pIC, rICR, aCRL, sCR, pCRL, ECR, ChR, SLFL, and SFOFL in healthy controls (upper
row) and rICL, pCRL, CgL, and SLFL in patients with MTBI (lower row). Details are in the Online Supplemental Data.
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SLF, and SFOF (Fig 3, upper row). These results support the idea
that callosal interhemispheric communication is also mediated by
neighboring WM microstructures. This mediation is plausible
because we know that the CC is not an isolated structure. However,
in patients with MTBI, we found a loss of normal mediators, sug-
gesting the anticipated disruption of normal relationships possibly
due to increased IHSPT scores (ie, slowing of interhemispheric
communication) that may be related to microstructural changes
after injury (Fig 3, lower row). Our finding is supported by the
TBSS results showing microstructural alterations in patients
with MTBI compared with healthy controls (Fig 4), in keeping
with prior diffusion findings indicative of extra-axonal changes
such as vasogenic edema in the acute and subacute periods of
injury considered reversible.42 In particular, extra-axonal diffu-
sion markers, Djj

e and D?
e , have been suggested as potential

markers of oligodendrocytes, extracellular inflammation, gliosis,
and vasogenic edema.43-45 Thus, significant increases in extra-
axonal diffusion have been previously reported in patients with
mild cognitive impairment, Alzheimer disease, as well as MTBI,
particularly in callosal regions.6,45 The results of multivariate
regression analysis, which assesses the impact of the relationships
between multiple WM regions and IHSPT scores simultaneously,
are consistent with the mediation analysis results showing signifi-
cant associations of several callosal and noncallosal WM micro-
structures with IHSPT scores in the healthy control group but
fewer regions in the MTBI group (Online Supplemental Data).

There are several limitations to this study. First, it includes a
relatively small number of total subjects. The variability between
patients in the early phases (,1 month postinjury) of MTBI
results in a heterogeneous sample, which may dilute the general-
izability of the results. The use of this method to inform the
degree of injury in the context of clinical presentation and symp-
toms on an individual level would require larger cohorts. Second,
the mediation model used in this study includes a single media-
tor, and there is a potential for multiple mediators that warrants
further studies. Third, analyses were performed on MR images
obtained from 2 scanners. We did reduce interscanner variability
by using an established data-harmonization method, ComBat,38

which was performed on a larger-scale data set of 125 subjects,
including diffusion images from other MTBI studies using the
same diffusion sequence. Biologic variabilities such as age, sex,
and disease group were preserved while removing interscanner
variability. Fourth, although groups were not significantly differ-
ent in terms of sex (P¼ .75, Fisher exact test), there may still be
possible limitations in our analysis due to potential differences in
terms of different interhemispheric connectivity between men
and women.46 This issue warrants further study with larger
cohorts. Finally, a small percentage of individuals does have hem-
ispheric codominance for language, making it difficult to accu-
rately capture interhemispheric speed of processing using this
tool. In most individuals, the left hemisphere is dominant for lan-
guage; however, there is variability across the population. To
reduce the confounding effects of handedness in IHSPT test per-
formance, we excluded non-right-handed individuals.

CONCLUSIONS
This study reveals significant WM mediators that affect the rela-
tionships between callosal microstructure and interhemispheric
processing in healthy controls, supporting the idea that callosal
interhemispheric communication is also influenced by neighbor-
ing WMmicrostructures. In MTBI, a loss of normal relationships
is observed. This disruption may contribute to the subtle symp-
toms central to MTBI, especially those involving complex tasks.
Future longitudinal studies with a larger cohort would provide
insight into the temporal dynamics of interhemispheric recovery
after MTBI.
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FIG 4. TBSS results comparing diffusion measures betweenMTBI and healthy control groups. Clusters of voxels (red) demonstrating significantly lower
FA, MK, AK, and RK in the MTBI group compared with the healthy control group (P, .05, family-wise error–corrected) are present diffusely across the
entire WM. Increased MD, AD, RD, Da, and De

\ are seen in mainly left-sided, WM regions including bCC, aICL, pICL, aCRL, sCRL, pCRL, ECL, CgL, SLFL,
and SFOFL in the MTBI group. A heat map showing differences between groups is overlaid on the mean FA template and WM skeleton (green).
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