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Abstract

Abnormalities of postural sway have been extensively reported in traumatic brain injury
(TBI). However, the underlying neural correlates of balance disturbances in TBI remain to
be elucidated. Studies in children with TBI have reported associations between the Sensory
Organization Test (SOT) and measures of white matter (WM) integrity with diffusion tensor
imaging (DT]I) in brain areas responsible for multisensory integration. This study seeks to
replicate those associations in adults as well as explore relationships between DTl and the
Limits of Stability (LOS) Test. Fifty-six participants (43117 years old) with a history of TBI
were tested 30 days to 5 years post-TBI. This study confirmed results in children for associa-
tions between the SOT and the medial lemniscus as well as middle cerebellar peduncle,

and revealed additional associations with the posterior thalamic radiation. Additionally, this
study found significant correlations between abnormal LOS scores and impaired WM integ-
rity in the cingulum, corpus callosum, corticopontine and corticospinal tracts, fronto-occipital
fasciculi, longitudinal fasciculi, medial lemniscus, optic tracts and thalamic radiations. Our
findings indicate the involvement of a broad range of WM tracts in the control of posture, and
demonstrate the impact of TBI on balance via disruptions to WM integrity.

Introduction

Complaints of balance problems are common following traumatic brain injury (TBI) and may
persist for months to years [1,2]. Objectively, these perceived deficits can be detected with a
force plate that measures body sway during standing balance tasks. An advantage of force
plate-based measures is that they significantly reduce examiner bias, which is not the case for
many clinical balance assessment tools [3]. Postural sway abnormalities have frequently been
reported in TBI [4-6], and shown to be associated with subjective balance complaints [7,8].
However, their underlying neural correlates remain to be elucidated.

One of the most frequently used force plate-based assessments in TBI is the Sensory Orga-
nization Test (SOT) [9], which quantifies abnormalities in the use of sensory information (e.g.
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vestibular, proprioceptive and visual inputs) for postural control. Several studies have reported
vestibular and visual deficits on the SOT post-TBI [4,6,8,10]. However, balance assessment in
TBI should not rely exclusively on the SOT, as postural control is a complex multicomponent
skill [3]. In fact, research has shown that the Limits of Stability (LOS) test, another force plate-
based measure, seems to have stronger correlation with subjective balance complaints, uncov-
ering more balance abnormalities in TBI than the SOT [11]. While the SOT is a static balance
test, the LOS test quantifies one’s ability to intentionally lean their body to the edges of their
base of support [9]. Reliability of the LOS in TBI has been well established for over 10 years
[12], however only recently has the LOS been recommended to complement balance assess-
ment in this population [11].

There are notable differences between the SOT and the LOS tests: 1) while the SOT measures
quiet stance, the LOS requires participants to actively move their body over a stable base; 2)
while there is no visual feedback in the SOT, a computer screen provides a target and real-time
tracking of the movements of one’s center of gravity in the LOS; and 3) the LOS seems to
involve cognitive abilities beyond those required during the SOT (e.g. visual information pro-
cessing, auditory attention, and motor learning) [9]. Therefore, the underlying neural correlates
of each test may differ to some degree while also overlaping in some areas. This has yet to be
investigated as no studies have directly compared the brain structures correlated with each test.

TBI commonly results in axonal injury due to rotational or acceleration/deceleration-
induced shearing forces [13,14]. While this type of injury is undetectable with conventional
brain magnetic resonance imaging (MRI), diffusion tensor imaging (DTI) has proven to be
highly sensitive in quantifying white matter (WM) abnormalities [15-17]. To our knowledge,
research correlating DTT and balance abnormalities in individuals with TBI is still limited,
with studies thus far including only pediatric patients with TBI [18,19]. Overall, measures of
poor WM integrity of several brain tracts have been significantly correlated with poor balance
performance, on clinical balance scales and the SOT. More specifically, lower fractional anisot-
ropy (FA) in the corticospinal tract was significantly associated with lower scores on the Move-
ment Assessment Battery for Children, which suggests impaired balance among other motor
deficits [19]. Additionally, reduced FA in the medial lemniscus, internal capsule, cerebellum
and cerebellar peduncles correlated with abnormal SOT results [18]. Given these studies were
conducted in children, there remains a need for investigation in adults with TBI. Moreover, as
the control of posture has multiple components [3] and no single test can fully characterize
balance impairments, other specific and objective (e.g. force plate-based) balance assessments,
such as the LOS, should be explored along with the SOT.

Our study had three aims. First we attempted to replicate prior research [18] by assessing
whether the associations between the SOT and DTI WM abnormalities reported in children
with TBI were similar in adults with a history of TBI. Second, we explored potential associations
between performance on the LOS test and DTT WM abnormalities in our group of adults with a
history of TBI. Third, we investigated relationships between the SOT and LOS balance tests
themselves. Identifying these potential associations may assist in better understanding the brain
mechanisms underlying balance control and how they may be impaired in adults with TBI.

Materials and methods
Participants

This is a cross-sectional analysis that included adult participants from a larger prospective nat-
ural history study of TBI. The study was approved by the National Institutes of Health Institu-
tional Review Board and was performed in accordance with the 1964 Declaration of Helsinki
and its later amendments. All participants gave written and informed consent before enrolling.
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Consent process, data collection and analysis were conducted at the Rehabilitation Medicine
Department of the National Institutes of Health Clinical Center. All participants had to be at
least 18 years old and had sustained a non-penetrating TBI within the past five years. Exclusion
criteria were contraindication to MRI scanning, inability to read or speak sufficient English to
complete clinical phenotyping assessments, and any medical or psychological instability that
would preclude the ability to complete the study assessments. All participants were seen by a
physician, who performed a history and physical and reviewed medical records where available
for verification of injury details. The diagnosis of TBI was based on the Department of Veter-
ans Affairs and Department of Defense TBI Severity Rating Scale [20]. Participants were seen
either across multiple visits at 30 days, 90 days, 180 days, and one-year post-injury and annu-
ally thereafter for up to five years, or for one cross-sectional visit within five years of injury if
the participant’s injury had occurred greater than one year prior to study enrolment, or if they
could not commit to longitudinal visits. Participants were enrolled between August 2011 and
January 2019. Data from each participant’s first visit was included in this analysis. A longitudi-
nal analysis will be presented in a future publication as this study is still on-going. Assessment
was multidisciplinary; however, for the purposes of the present study, we have focused on the
neuroimaging and balance evaluations.

To control for factors that could potentially affect our participants’ balance scores, we fur-
ther excluded those with: non-TBI neurologic disorders; lower-extremity orthopaedic surgery
within 6 months; symptomatic and/or untreated musculoskeletal conditions in the lower
extremities or spine; and uncorrected visual disturbances or uncontrolled central autonomic
dysfunction. Participants with hearing impairment were also excluded because the LOS test
utilizes an audible cue for trial initiation. All data was deidentified as each participant was
attributed a study ID and authors had no access to information that could identify individual
participants during or after data collection.

Balance testing

A NeuroCom SMART Balance Master System (previously Natus Medical Inc, Seattle, WA)
was used for the SOT and LOS tests. The SOT is a test of quiet stance that includes six condi-
tions: (1) eyes open, no sway reference; (2) eyes closed, no sway reference; (3) eyes open,
visual/surround sway reference; (4) eyes open, support surface sway reference; (5) eyes closed,
support surface sway reference; and (6) eyes open, support surface and visual/surround sway
reference. Sway reference refers to the displacement of the platform and/or the visual surround
in the sagittal plane in response to the sway of the participant. Scores go from 0 (representing a
fall) to 100 (representing perfect balance). Three 20-second trials are completed per condition
and averaged. SOT metrics are based on an equilibrium score (average of 3 trials), which com-
pares the patient’s maximal anteroposterior sway during each trial to the theoretical sway sta-
bility limit of 12.5 degrees. High equilibrium scores are indicative of good postural stability
while low scores indicate poor stability, and a score of 0 indicates a fall. Fig 1 shows an illustra-
tion of the test and representative data for two participants with distinct performances.

The LOS is a test of voluntary movement of ones’ center of gravity to the edges of their base
of support. Utilizing feedback from a computer screen, participants are asked to transfer their
center of gravity (COG) toward 8 targets spaced at 45-degree angular intervals around the
body’s COG in the 4 cardinal directions and their diagonals. The participant starts in the for-
ward (12:00) position and then moves sequentially in a clockwise manner, covering each of the
8 directions. During the leaning motion, they are to maintain a straight posture and keep their
feet planted on the floor, only moving at their ankles, like an inverted pendulum. An average
of all directions is calculated for each of the following measures: a) Reaction Time: time

PLOS ONE | https://doi.org/10.1371/journal.pone.0288727 November 27, 2023 3/18


https://doi.org/10.1371/journal.pone.0288727

PLOS ONE

Brain imaging and balance in TBI

Sensory Organization Test
B.

] 100

75

50
i i

0

composite 1 2 3 4 5 6 composite

Conditions Conditions

Equilibrium Score
Equilibrium Score

Fig 1. Representative SOT results. This figure shows NeuroCom reports of two participants with TBI (A. abnormal
SOT performance, B. normal SOT performance). Red bars represent abnormal scores and green bars represent normal
scores. Gray shading represents abnormal area that is two standard deviations from normative mean values. The
individual in A, as an example, had difficulty completing the SOT test as they scored abnormal on all trials of all
conditions except for trial 1 of condition 6. This individual lost balance a few times, as indicated by the word “FALL”
replacing the bar on conditions 3 (trial 2), 4 (trials 2 and 3) and 5 (all trials). The individual in B had no deficits as they
scored normal on every trial of every condition.

https://doi.org/10.1371/journal.pone.0288727.9001

(seconds) between the start of each trial and participant’s first movement towards the target, b)
Movement Velocity (degrees of ankle flexion per second) from initial stance to final leaning
position, ¢) Endpoint Excursion: greatest center of gravity displacement upon initial lean
towards target (percentage of maximal theoretical limits), d) Maximum Excursion: greatest
center of pressure displacement reached throughout the entire 8 second duration of the trial,
and e) Directional Control: percentage of movement in the most direct path of center of pres-
sure displacement towards the target. Fig 2 shows an illustration of the test and representative
data for two participants with distinct performances.

SOT and LOS metrics were compared to the NeuroCom age-referenced normative dataset
provided by the NeuroCom manufacturer and were classified as clinically abnormal if greater
than two standard deviations from the mean. All subjects in the normative data set were
reported to have no current or past diagnosis or injury affecting balance; be taking no medica-
tions affecting the central nervous system or known to affect balance or coordination; and
have no symptoms of dizziness or light-headedness, no symptoms suggestive of vestibular or
other neurologic disorders, no psychological disorders including depression, no history of two
or more unexplained falls within the past 6 months, and normal vision with or without glasses.
The SOT normative data included a group of 112 individuals between the ages of 20-59 years
old (gender not provided by manufacturer). The means and standard deviations of their SOT
parameters were equilibrium score 1: 93.9 (2.35), Equilibrium score 2: 92.0 (4.2), Equilibrium
score 3: 91.5 (3.3), Equilibrium score 4: 82.5 (7.5), Equilibrium score 5: 69.2 (10.4), Equilib-
rium score 6: 67.2 (11.6), and Composite score 79.8 (5.6). The LOS normative data included a
group of 47 healthy individuals between the ages of 40-59 years old (20 males and 27 females).
The means and standard deviations of their LOS parameters are as follows: Reaction Time 0.7
(0.17), Movement Velocity 5.0 (1.5), Endpoint Excursion 84.9 (8.3), Maximum Excursion 98.0
(5.9) and Directional Control 75.2 (6.0).

Image acquisition and processing

Structural MR and diffusion weighted images (DWIs) were acquired on a 3 tesla MR scanner
(Siemens Biograph mMR) with a 16-channel head coil. DWIs were acquired using an echo
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Fig 2. Representative LOS results. This figure shows NeuroCom reports of two participants with TBI (A. abnormal
LOS performance, B. normal LOS performance). The left plots show the participant’s center of gravity tracings for each
trial of the LOS test. The participant is to start in the center box and lean toward each target in a clockwise manner.
Ideally, the tracing should look like a star, with 8 lines radiating from the center to each target. The bar plots on the
right show each participant’s scores on the forward, back, right, left directions and composite scores (all directions) for
each LOS variable measured (e.g. reaction time, movement velocity, endpoint and maximal excursions and directional
control). Red and yellow bars represent abnormal scores and green bars represent normal scores. Gray shading
represents abnormal performance that is two standard deviations from normative mean values. The individual in A
had difficulty completing the LOS test as they scored abnormal on several measures, while the individual in B had no
deficits scoring normal on all measures.

https://doi.org/10.1371/journal.pone.0288727.9002

planar imaging sequence with parameters TR = 17000 mms, TE = 98 mms, flip angle = 90
degrees, voxel size = 2 x 2 x 2 mm, FOV = 230x230mm, GRAPPA = 2, matrix size = 128 x128,
bandwidth = 1775 Hz/pixel, and slices = 75. The acquisition included a total of 80 DWIs with
10 images at b = 0 s/mm?, 10 images with non-collinear directional gradients uniformly dis-
tributed on a sphere at b = 300 s/mm?, and 60 images with non-collinear directional gradients
uniformly distributed on a sphere at b = 1100 s/mm”.

DWTIs were processed using the TORTOISE software for tensor estimation [21]. Briefly,
images were pre-processed for motion correction and eddy current correction, with adjust-
ments to the gradient table performed based on participant position. Distortions due to echo
planar imaging susceptibility artefacts were corrected by first performing brain extraction on
an anatomic T,-weighted SPACE acquisition (TR = 3200 mms, TE = 280 mms, flip
angle = 120 degrees, spatial resolution = 0.98 x 0.98 x 1 mm, resampled to 0.49 x 0.49 x 1 mm).
Next, a rigid registration was performed that aligned the T,-weighted image to the b = 0 image
using the ANTS software package [22]. Finally, a deformable registration was performed
within TORTOISE from the b = 0 image to the T,-weighted image, and the resulting transfor-
mation was applied to each gradient direction. After distortion correction, non-linear least-
squares tensor estimation was performed followed by computation of fractional anisotropy
(FA). We selected focusing on FA and not including additional DTI metrics in our main
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analysis because FA is a sensitive marker of WM integrity. Furthermore, including FA also
allow us direct comparison with previous DTI and balance study in children [18]. Although
we also obtained other DTT metrics such as axial diffusivity, radial diffusivity and mean diffu-
sivity for the larger natural history study, including that data in this analysis would have con-
tributed to large number of corrections for multiple comparisons, which would have washed
out any potential findings. Nevertheless, that data is presented as supplementary information
in Appendix S2 (Tables 6-11 in S2 File). Measurements were averaged within all regions of
interest (ROI), defined automatically using the DOTS tract segmentation algorithm [23]. The
DOTS algorithm applies a Markov random field approach to segmenting 39 total white matter
tracts based on the structural connectivity of each subject.

Regions of interest (ROIs). A recent review of the literature has shown imaging-balance
relationships in several brain regions [24]. In line with our first objective to confirm associa-
tions between balance measures and DTI as previously reported, we first selected the same
ROlIs as those investigated in studies involving the SOT in children [18], including the corti-
cospinal tract, inferior cerebellar peduncle, medial lemniscus, middle cerebellar peduncle and
posterior thalamic radiation. Given that our second aim was exploratory in nature, and the
fact that the LOS is more physically and cognitively demanding than the SOT, we selected the
following additional ROIs: superior cerebellar peduncles, cingulum, corpus callosum, cortico-
pontine tract, fronto-occipital fasciculi, inferior and superior longitudinal fasciculi, optic radi-
ations, optic tracts, and thalamic radiations. Bilateral tracts were averaged for the purposes of
this analysis. The rationale for selecting these additional ROIs is that they are involved in the
demands of the LOS postural task, which include dynamic voluntary control and perception
of body sway, visuospatial and auditory attention, and motor learning.

Statistical analysis

All analyses were performed in IBM SPSS Statistics for Windows (v.28, IBM Corp., Armonk,
NY, USA). Descriptive statistics were performed to report participants’ characteristics. Data
were checked for normality. A one-tailed Sign Test was used to compare balance scores on the
SOT and LOS to the normative data provided by the NeuroCom manufacturer. The level of
significance was set at alpha <0.05. Partial rank correlations were calculated, controlling for
age, to determine relationships between SOT or LOS balance scores and DTI FA scores. We
used averaged FA scores for bilateral tracts. Relationships between the SOT and LOS balance
scores were also explored with partial rank correlations controlling for age. The Benjamini-
Hochberg method was used to control for false discovery rate for multiple testing for all corre-
lation analyses [25]. Details on the Benjamini-Hochberg analysis are presented as Appendix
S1. Depending on the number of tests, correlation coefficients with adjusted p value < 0.013
and p value < 0.023 were regarded as significant. The computation of adjusted p values is pro-
vided in Appendix S1. A complementary correlation analysis without correction for multiple
comparison was performed between SOT and LOS balance measures and DTT measures of
axial diffusivity, radial diffusivity and mean diffusivity.

Results
Participant characteristics

Of the 172 participants enrolled in the natural history study between August 2011 and January
2019, 56 met criteria for this cross-sectional analysis. Participants (median age 43 + 17 years
old; 39 male/17 female; 71% white race). The majority of the cohort (51%) was tested between
30 and 180 days post-injury, followed by 32% tested at the 1-year time point, 7% at 2 years, 4%
at 3 years, 5% at 4 years, and 1% at 5 years. Most of the sample were classified as mild TBI
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Table 1. Demographic characteristics (N = 56).

Total n (% or SD)
Sex (M) 39 (69.6%)
Median/Mean age (years) 43.0/45.1 (17)
Race
o Asian 1(1.8%)
« Black or African American 10 (17.9%)
» Multiple races 5 (8.9%)
» White 40 (71.4%)
Ethnicity
« Latino or Hispanic 7 (12.5%)
« Not Latino or Hispanic 49 (87.5%)
TBI Severity **
« Mild 29 (51.8%)
« Moderate 19 (33.9%)
« Severe 7 (12.5%)
« Missing 1(1.8%)
Mechanism of injury
o Acceleration/deceleration 16 (28.6%)
« Blast 3 (5.4%)
« Combined 3 (5.4%)
« Direct impact-blow to head 11 (19.6%)
« Direct impact-head against object 6 (10.7%)
« Fall (ground floor) 8 (14.3%)
« Fall (height >1 meter) 9 (16.0%)

Note: ** TBI severity is missing for one participant, combined = Acceleration/deceleration + blow to head (n = 1),
Direct impact-head against object + fall (ground floor) (n = 1), Direct impact-blow to head + fall (height >1 meter)
(n =1); MVA = motor vehicle accident; Other = non-intentional injury (n = 1) and violence/assault cases (n = 3).

https://doi.org/10.1371/journal.pone.0288727.t1001

(53%), followed by moderate (34%) and severe (13%); classification was missing for one partic-
ipant. The most common mechanism of injury was acceleration/deceleration (29%), followed
by direct impact-blow to head (20%). See Table 1 for detailed demographic characteristics of
the sample.

Balance abnormalities

Table 2 shows results of the SOT and LOS tests. Group analysis comparing our cohort to the
NeuroCom normative values revealed significantly lower SOT equilibrium scores for patients
on conditions 2, 4 and 5. Individual data comparisons showed 23% of participants scored
abnormal (e.g. at least one abnormal trial) on Equilibrium score 1, 32% on Equilibrium score
2, 34% on Equilibrium score 3, 29% on Equilibrium score 4, 42% on Equilibrium score 5, 38%
on Equilibrium score 6, and 36% had abnormal Composite scores. Finally, 25% had normal
scores on all variables. Representative data is shown in Figs 1 and 2.

Group comparisons for the LOS revealed significant deficits for participants on all mea-
sures. Individual data comparisons showed 41% scored abnormal (e.g. abnormal composite
scores) on Reaction Time, 27% on Movement Velocity, 38% on Endpoint Excursion, 51% on
Maximal Excursion and 2% demonstrated abnormal Directional Control. Finally, 29%

(n = 16) achieved normal scores on all variables.

Further examination of the data showed that 16% of the cohort tested normal on both the
SOT and LOS tests. That subgroup of individuals was heterogeneous in terms of age, sex and
TBI chronicity (e.g. time of post-injury testing varied between 30 days and 2 years). TBI classi-
fication was mild and moderate; there were no severe TBIs in the group.
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Table 2. SOT and LOS balance assessment results in comparison to NeuroCom normative database.

Balance Measure Patients Controls Significance
(Mean + SD) (Mean + SD)

SOT
Equilibrium Score 1 93.3+3.1 93.7+0.8 0.248
Equilibrium Score 2 87.7+7.9 91.6+ 1.2 0.005
Equilibrium Score 3 88.1+7.6 90.9 + 1.1 0.170
Equilibrium Score 4 81.6 +13.3 829+1.5 0.027
Equilibrium Score 5 54.1 £13.2 68.2+2.0 0.049
Equilibrium Score 6 60.6 +22.5 66.2+2.8 0.292
Composite Score 73.8+12.6 791+ 1.5 0.392

LOS
Reaction Time 0.9+0.2 0.7+0.1 <0.001
Movement Velocity 37£15 51+0.7 <0.001
Endpoint Excursion 69.9 +15.5 82.1+5.7 <0.001
Maximal Excursion 81.7+13.5 94.8 £4.0 <0.001
Directional Control 779+ 6.5 73.0% 1.6 <0.001

Note: Controls=NeuroCom normative database. Group size was 56 for all variables except Equilibrium Score 4-6 and Composite scores (n=55 because one participant
felt nauseated and had to stop testing). Bold values indicate significant difference at p<0.05. Abbreviations: SOT=Sensory Organization Test, LOS=Limits of Stability
Test.

https://doi.org/10.1371/journal.pone.0288727.t1002

SOT and DTI FA associations

SOT and DTI FA associations are presented in Table 3. After correcting for multiple compari-
sons with the Benjamini-Hochberg method, several WM tracts were significantly associated
with SOT Equilibrium scores 4-6 and with Composite scores. The inferior cerebellar peduncle
correlated with Equilibrium scores 4, 5, 6, and Composite score. The middle cerebellar pedun-
cle correlated significantly with Equilibrium scores 4, 6 and Composite score. The medial lem-
niscus correlated significantly with Composite score. The posterior thalamic radiation
correlated significantly with Equilibrium score 6 and Composite score. Direction of associa-
tion was positive for all significant correlations; lower values for SOT Equilibrium and

Table 3. Correlations between SOT and FA, controlled for age (n = 52).

ROI Statistics EqC1 EqC2 EqC3 EqC4 EqC5 EqC6 Comp
Corticospinal tract r 0.153 -0.101 0.062 0.249 0.172 0.217 0.219
p-value 0.268 0.469 0.654 0.069 0.213 0.115 0.112
Inferior cerebellar peduncle r 0.253 -0.003 0.226 0.364 0.380 0.357 0.402
p-value 0.065 0.980 0.100 0.007 0.005 0.008 0.003
Middle cerebellar peduncle r 0.085 0.068 0.214 0.337 0.303 0.450 0.382
p-value 0.539 0.626 0.120 0.013 0.026 0.001 0.004
Medial lemniscus r 0.146 0.016 0.252 0.255 0.296 0.278 0.317
p-value 0.291 0.910 0.066 0.063 0.030 0.042 0.019
Posterior thalamic radiation r 0.189 0.164 0.282 0.296 0.308 0.344 0.352
p-value 0.172 0.237 0.039 0.029 0.023 0.011 0.009

Note: Bold values indicate significant correlations at p<0.013 following Benjamini-Hochberg method. Abbreviations: EQC1=Equilibrium Score condition 1, EqC2=
Equilibrium Score condition 2, EQC3= Equilibrium Score condition 3, EQC4= Equilibrium Score condition 4, EQC5= Equilibrium Score condition 5, EqC6=

Equilibrium Score condition 6, Comp= composite score.

https://doi.org/10.1371/journal.pone.0288727.t003
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Table 4. Correlations between LOS and FA, controlled for age (n = 53).

Composite scores were associated with lower FA values. Correlations between SOT and other
DTI parameters are presented in Appendix S2 as complementary information. As can be seen,
most p-values would not have survived corrections for multiple comparison.

LOS and DTI FA associations

After correcting for multiple comparisons with the Benjamini-Hochberg method, numerous
WM tracts were significantly associated with LOS parameters. Specific correlation and signifi-
cance values are presented in Table 4. FA of the corpus callosum stood out as the region with
the strongest and largest number of associations, as its posterior fibers correlated with all LOS

ROI Statistics RT MVL EPE DCL
Anterior thalamic radiation r -0.266 0.168 0.374 0.318 0.354
p-value 0.050 0.219 0.005 0.018 0.008
Corpus callosum-anterior r -0.287 0.326 0.440 0.423 0.398
p-value 0.034 0.015 0.001 0.001 0.003
Corpus callosum-posterior r -0.441 0.379 0.414 0.397 0.269
p-value 0.001 0.004 0.002 0.003 0.047
Corpus callosum-superior r -0.283 0.272 0.332 0.371 0.234
p-value 0.036 0.044 0.013 0.005 0.086
Cingulum r -0.335 0.280 0.370 0.313 0.303
p-value 0.012 0.038 0.005 0.020 0.025
Corticopontine tract r -0.344 0.126 0.266 0.146 0.265
p-value 0.010 0.361 0.049 0.289 0.051
Corticospinal tract r -0.387 0.259 0.361 0.226 0.164
p-value 0.004 0.056 0.007 0.097 0.231
Inferior cerebellar peduncle r -0.321 0.376 0.373 0.350 0.387
p-value 0.017 0.005 0.005 0.009 0.004
Inferior fronto-occipital fasciculus r -0.291 0.248 0.350 0.366 0.259
p-value 0.031 0.067 0.009 0.006 0.056
Inferior longitudinal fasciculus r -0.365 0.308 0.380 0.379 0.263
p-value 0.006 0.022 0.004 0.004 0.053
Middle cerebellar peduncle r -0.283 0.162 0.182 0.113 0.331
p-value 0.037 0.238 0.183 0.411 0.014
Medial lemniscus r -0.349 0.409 0.265 0.258 0.174
p-value 0.009 0.002 0.051 0.058 0.203
Optic radiation r -0.254 0.196 0.290 0.275 0.256
p-value 0.061 0.152 0.032 0.042 0.059
Optic tracts r -0.372 0.264 0.358 0.272 0.325
p-value 0.005 0.052 0.007 0.045 0.016
Posterior thalamic radiation r -0.186 0.140 0.219 0.218 0.392
p-value 0.174 0.309 0.108 0.110 0.003
Superior fronto-occipital fasciculus r -0.120 -0.022 0.080 0.087 0.117
p-value 0.382 0.876 0.561 0.529 0.395
Superior longitudinal fasciculus r -0.460 0.276 0.292 0.241 0.326
p-value 0.000 0.041 0.031 0.077 0.015

Note: Bold values indicate significant correlations at p<0.023 following Benjamini-Hochberg method. Abbreviations: R-right, L-left, RT-reaction time, MVL-movement

velocity, EPE-endpoint excursion, MXE-maximal excursion, DCL-directional control

https://doi.org/10.1371/journal.pone.0288727.t1004
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Fig 3. Representative correlations. These scatterplots are representative of the strength and direction of associations
between balance and DTT measures. Left scatterplot: Negative correlation between LOS Reaction Time and FA of the
superior longitudinal fasciculus. Right scatterplot: Positive correlation between LOS Directional Control and FA of the
corpus callosum.

https://doi.org/10.1371/journal.pone.0288727.9003

variables except for LOS Directional Control. Its anterior fibers correlated with Movement
Velocity, Endpoint Excursion, Maximal Excursion, and Directional Control. Its superior fibers
correlated with Endpoint Excursion and Maximal Excursion. In addition to the corpus callo-
sum, two other areas also showed a large number of associations: inferior cerebellar peduncle,
which correlated with all LOS variables, and the inferior longitudinal fasciculus, which corre-
lated with all LOS variables except for LOS Directional Control. Correlations between LOS
and other DTI parameters are presented in the Appendix S2 as complementary information.
As can be seen, most p values would not have survived corrections for multiple comparisons.

Other areas with significant associations were: 1) the anterior thalamic radiation, which
correlated with Endpoint Excursion, Maximal Excursion, and Directional Control; 2) cingu-
lum, which correlated with Reaction Time, Endpoint Excursion and Maximal Excursion; 3)
corticopontine tract, which correlated with Reaction Time; 4) corticospinal tract, which corre-
lated with Reaction Time and Endpoint Excursion; 5) inferior fronto-occipital fasciculus,
which correlated with Endpoint and Maximal Excursion; 6) medial lemniscus, which corre-
lated with Reaction Time and Movement Velocity; 7) optic tracts, which correlated with Reac-
tion Time and Endpoint Excursion; 8) posterior thalamic radiation, which correlated with
Directional Control; and 9) superior longitudinal fasciculus, which correlated with Reaction
Time and Directional Control. Direction of association was positive for all significant correla-
tions except for LOS Reaction Time/FA correlations, for which lower FA values were corre-
lated with higher RT values. RT differs from other measures in that a higher value (longer
reaction time) indicates poorer performance.

Fig 3 is representative of an inverse and a direct correlation between balance and WM integ-
rity. The left scatterplot shows a negative association between LOS Reaction Time and FA of the
superior longitudinal fasciculus tract (r = -0.460, p = 0.001), such that as Reaction Time values
decrease (better balance), FA values increase (better WM integrity). The right scatterplot shows a
positive association between LOS Maximum Excursion and FA of the corpus callosum (r = 0.423,
p =0.001), such that as Maximum Excursion increases (better balance), FA values increase.

SOT and LOS associations

Table 5 shows associations between SOT and LOS measurements after correcting for multiple
testing with the Benjamini-Hochberg method. It can be observed that the SOT composite
score and the more challenging SOT conditions (Equilibrium score conditions 4-6) were sig-
nificantly associated with LOS measures of Reaction Time, Movement Velocity, Endpoint
Excursion and Maximal Excursion. Additionally, LOS Endpoint Excursion was associated
with Equilibrium score 3. There were no associations between SOT and Directional Control.
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Table 5. Correlations between SOT and LOS, controlled for age (n = 52).

Sensory Organization Test

Limits of Stability Test Statistics EqC1 EqC2 EqC3 EqC4 EqC5 EqCé6 Comp

RT r -0.172 0.063 -0.219 -0.451 -0.406 -0.507 -0.464
p-value 0.213 0.653 0.112 0.001 0.002 0.000 0.000

MVL r 0.188 -0.095 0.288 0.318 0.336 0.363 0.351
p-value 0.174 0.496 0.035 0.019 0.013 0.007 0.009

EPE r 0.265 0.170 0.329 0.333 0.451 0.442 0.411
p-value 0.053 0.218 0.015 0.014 0.001 0.001 0.002

MXE r 0.165 0.126 0.299 0.165 0.382 0.397 0.331
p-value 0.234 0.365 0.028 0.233 0.004 0.003 0.014

DCL r 0.220 0.118 0.254 0.173 0.234 0.293 0.268
p-value 0.110 0.396 0.064 0.210 0.089 0.031 0.050

Note: Bold values indicate significant correlations at p<0.023 following Benjamini-Hochberg method. Abbreviations: RT-Reaction Time, MVL-Movement Velocity,

EPE-Endpoint Excursion, MXE-Maximal Excursion, DCL-Directional Control, EQC1=Equilibrium score condition 1, EC2= Equilibrium score condition 2, EqC3=

Equilibrium score condition 3, EQC4=Equilibrium score condition 4, EqC5= Equilibrium score condition 5, EQC6= Equilibrium score condition 6, Comp= Composite

score.

https://doi.org/10.1371/journal.pone.0288727.t1005

Discussion

This is the first study establishing relationships between postural control and white matter
integrity in adults post-TBI. Our results clearly show that reduced WM integrity in multiple
brain tracts is correlated with poorer balance performance post-TBI. Related to our first objec-
tive, we replicated many of the associations found in children involving the SOT and FA mea-
sures of the medial lemniscus and the middle cerebellar peduncle. Our second aim was to
explore performance on the LOS and associations with WM tract integrity post-TBI. Several
ROIs were identified with significant associations between FA and LOS measures. Among
them the corpus callosum stood out as the region with the largest number of associations, as
FA of the different portions of this region correlated with all 5 LOS measures. Additionally, we
compared ROIs associated with SOT versus LOS and found these balance tests shared a few
overlapping tracts, namely the inferior cerebellar peduncle, medial lemniscus and posterior
thalamic radiation.

The cohort investigated in this study was heterogeneous in terms of age, time post-injury,
classification of TBI severity and mechanism of injury. They also presented with considerable
variations in balance scores on both the SOT and LOS tests. As a group, their scores were sig-
nificantly worse than controls; however, examination of individual data revealed a wide range
of scores with approximately 25% of participants performing normally on each test. Our
results agree with the literature showing that balance deficits affect a large proportion, but not
all, of those who have suffered a TBI [11,26]. As much as a homogeneous group is desirable
methodologically, this wide range of balance scores is advantageous for correlation studies
such as ours because it allows for better spread of the datapoints and represents the observed
variability that exists in balance performance among the larger TBI population.

Our SOT findings partially agree with the observations of Caeyenbergh et al. [18]. Two
ROIs identified in their work were also significantly associated with the SOT in our study: the
medial lemniscus and the middle cerebellar peduncle. However, while Caeyenberghs et al. [18]
reported associations with baseline SOT conditions (1 and 3), we are reporting associations
with more challenging SOT conditions (4, 5 and composite). Such inconsistencies are not sur-
prising given the differences between datasets in terms of sample size and age, as we know
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children’s SOT scores change as they age and only reach adult-like levels in their late teen
years [35]. The upper-level SOT conditions found to be significant in our study are more
indicative of the use and integration of specific sensory inputs for postural control. Our find-
ings make sense in the context of the existing literature as both the medial lemniscus and the
middle cerebellar peduncle are known to be involved in the multisensory integration process
that is needed for the control of standing balance [27]. Moreover, as part of the brainstem and
the cerebellum, these two tracts are the most frequently implicated in associations with stand-
ing balance in the literature as recently reported by Surgent et al. [24]. The medial lemniscus is
one of the main somatosensory pathways conveying information about proprioception
through the brainstem and terminating in the thalamus [28]. Degeneration in the medial lem-
niscus correlates with measures of disease severity and symptoms of parkinsonian syndromes
[29]. Also, studies in children with hemiplegia have shown that deterioration of the medial
lemniscus without damage to the corticospinal tract results in balance impairments [30,31].
The middle cerebellar peduncle is an afferent tract carrying somatosensory information to the
cerebellum [27]. Degeneration of the middle cerebellar peduncle has been linked to multiple
system atrophy, a parkinsonian syndrome which greatly affects postural instability [32], and to
cases of severe postural ataxia post-TBI [33]. Additionally, integrity of the middle cerebellar
peduncle has been reported to predict balance training improvement in children post-TBI
who practice computer-based dynamic balance tasks similar to the LOS [34]. In conjunction
with these studies from other groups, it is clear from our findings that the medial lemniscus
and middle cerebellar peduncle play key functional roles in standing balance in both children
and adults.

A possible explanation for the discrepancy between our results and those by Caeyenberghs
et al. [18] may be related to differences in age of the participants. As previously mentioned,
maturity of postural control is not achieved until adulthood. SOT Equilibrium scores vary
with age and gender for all conditions of the test. From age 5 to 16 years, SOT performance
changes to a clinically significant degree every 2-3 years and is significantly different from
adults at every age group, including adolescents (16 years old) [35]. The ages of the children
studied by Caeyenberghs et al. ranged between 8 and 20 years old [18]. Not surprisingly, our
participants, who were all adults, performed differently on the SOT and reflected impairments
in higher-order balance conditions as might be expected for older individuals with more
mature postural control. In regards to the contrasting findings of WM tracts affected in our
sample versus those found to be affected in the pediatric sample [18], it should be noted that
only 12 patients with TBI were included in the pediatric study, creating opportunity for signifi-
cant variation in injury patterns between patients and opportunities for a relatively small num-
ber of patients in the sample to markedly influence the overall results. Additionally, the
pediatric patients were all classified as moderate-severe TBI, whereas our sample consisted of a
mix of mild to severe TBI with mild TBI being most common. Accordingly, different WM
tracts may have been altered by TBI in our cohort due to the wider range of injury severity,
and as a result, differing associations were likely observed between reduced WM integrity and
poorer performance on the SOT.

Our study also identified areas associated with the SOT that were not observed by Caeyen-
berghs et al. [18] including the inferior cerebellar peduncle and the posterior thalamic radia-
tion. Their study mentions, however, that some of these ROIs showed strong associations with
SOT performance but did not survive multiple comparison corrections. In our study these
ROIs were not only associated with the SOT but also the LOS. These findings make sense
given the SOT and the LOS are themselves associated, and given their role in both postural
control during quiet stance (SOT) and during dynamic postural tasks (LOS). The associations
we found between the SOT and LOS were expected given that the formula to calculate one’s
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SOT Equilibrium Scores takes into account their LOS Maximal Excursion Scores [36]. The
associations we observed between the most challenging SOT conditions (Equilibrium scores
4-6 and also Composite scores) and LOS variables make sense as it is during the most chal-
lenging SOT conditions that patients sway at their maximum amplitudes in terms of excursion
and velocity.

The inferior cerebellar peduncle carries somatosensory information to the cerebellum and
is critical for postural control during standing with or without visual input, as evidenced by
investigations of postural sway and DTI in multiple sclerosis [37]. Finally, the fundamental
role of the posterior thalamic radiation on the control of upright body posture is well illus-
trated by reports in patients with “pusher syndrome” (impaired subjective vertical sensation)
[38] as well as parkinsonian syndromes, which all share disturbances of balance and gait as a
hallmark [39,40].

As the main connection between primary motor cortex, supplementary motor areas and
the spinal cord, the corticospinal tract is the major efferent output involved in the maintenance
of standing posture and initiation of intentional movement [41]. In particular, our finding of
correlations between the corticospinal tract and LOS Reaction Time and Endpoint Excursion
are supported by studies in video game players performing a visual attention task [42], as well
as studies in older individuals with poor postural reactions [43]. Surprisingly, though, we did
not find a significant correlation between the corticospinal tract and any of the SOT
components.

As mentioned previously, the LOS test has a heavy visual feedback component. Participants
rely on visual feedback to move their center of gravity toward the target. Not surprisingly, the
optic tracts were correlated with LOS Reaction Time, Endpoint Excursion and Directional
Control, and the posterior thalamic radiation correlated with LOS directional control. The
optic tracts form the anterior visual pathway, as they constitute the continuation of the optic
nerves after the partial decussation at the optic chiasm. Clear evidence of the important role of
vision in postural control comes from research in cerebral palsy, which often causes visual dys-
function of the anterior or posterior portion of the visual system and greatly affects postural
control [44]. Moreover, integrity of the same WM tracts was associated with visuomotor track-
ing performance scores in children performing a manual pursuit test of eye-hand coordination
[45]. Although the task in their study did not involve standing balance, it required some over-
lapping constructs with the LOS test, such as attention, visual spatial skills as well as proprio-
ception. Their study also showed correlations with the corticospinal tract, which is consistent
with our findings.

The superior longitudinal fasciculus is also related to visual function, as it plays a role in the
regulation of visual attention and higher visual processing [46-48]. This tract provides the
main source of information transfer between frontal and parietal cortices and it relates to bal-
ance as it provides the exchange of information about one’s perception of the body in space for
planning, initiation and updating of goal-directed movement [49]. White matter integrity of
the superior longitudinal fasciculus correlates with manual dexterity and finger tapping tasks
in stroke [50]. In healthy individuals this tract participates in planning of reaching and grasp-
ing movements [51]. It is also involved in information processing speed, as reduced FA of this
tract correlates with slower processing speed in older adults [52]. Our findings of associations
between FA of the superior longitudinal fasciculus and LOS Reaction Time may be specifically
due to the speed component involved in this LOS measure, but may also reflect the broad con-
tribution of this pathway in goal-directed motor functioning, as is likely the case for its role in
the directional control measure.

The corpus callosum was correlated with every LOS measure. There is speculation that this
area may be particularly vulnerable to diffuse axonal injury, as it is the most common location
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of abnormal FA in TBI [53]. Research on balance and DTT in TBI, though, had not explored
the corpus callosum prior to this study. As such, we are limited to comparing our findings to
non-TBI populations. Our results are in line with studies in the field of aging reporting associ-
ations between FA of the corpus callosum and poor balance on the SOT [54] and the Tinetti
scale [55] in older adults with gait and mobility problems. Additionally, there is evidence that
the corpus callosum is involved in visuospatial attention [56,57]-a crucial skill in the control
of sway direction toward each target and excursion on the LOS test.

Finally, the anterior thalamic radiation, which was correlated with LOS endpoint excursion,
maximum excursion and directional control, has been shown to be involved in the planning of
complex behaviours [58-60]. As successful excursion and directional control certainly depend
on adequate planning of complex motor behaviour, our results seem to indicate the anterior
thalamic radiation contributes in these two different, yet complementary, aspects of postural
control on the LOS test.

This research has several limitations, which include a relatively small and heterogeneous
sample, the lack of a control group and the large number of multiple comparisons. Although
the size of our cohort is larger than that of any prior study of this kind, additional studies are
needed to confirm our findings in larger cohorts. A larger sample size would have accommo-
dated for more robust statistical analyses such as regression models controlling for the effects
of TBI severity and time from injury. It would also allow for the use of broader and unbiased
whole brain white matter techniques, such as tract-based spatial statistics. This technique
would be especially pertinent to LOS associations since the LOS balance test also involves cog-
nitive circuits that could not be fully represented with our analysis. Adding cognitive
impairment measures as covariates to more robust analyses would also be worth exploring.
We also acknowledge the lack of a control group in this study. We used manufacturer-pro-
vided normative data to understand the extent of the balance abnormalities but did not have
imaging data from healthy individuals for comparative analyses. The main purpose of this
study, however, was to focus on TBI and investigate whether WM damage was associated with
impairments in balance, and for that correlation analysis a control group was not imperative.

Related to the use of DTT and its analysis, another limitation is that the estimation of diffu-
sion properties does not model crossing fibers in white matter. Such fibers may result in biased
measurements within ROIs, although it is not clear how much this effect will differ across sub-
jects. Furthermore, we performed a large number of correlations, but due to the exploratory
nature of this study it was necessary to select this list of ROIs. We did, however, correct for
multiple comparisons. Had we limited ROIs a priori, we would also be limiting the possibility
of identifying important pathways related to postural control especially those involved in LOS.
As previous research has shown, a large number of structures across the brain are associated
with balance [24]. To reduce the number of comparisons, we focused only on FA, which has
been the most widely used DTI metric for TBI studies [61,62]. Mean diftusivity, radial diffusiv-
ity, and axial diffusivity are additional common metrics that have been shown to have value in
TBI studies, so we reported those results complementary material without correcting them for
multiple comparisons.

Conclusions

In conclusion, our study contributes to the understanding of balance alterations post-TBI as it
utilizes two distinct yet complementary balance tests to investigate balance performance in
association with imaging. We have confirmed, in part, findings in children showing poorer
balance performance on the SOT was correlated with reduced WM integrity. We have also
identified key structures that are likely to underlie postural control in both the SOT and LOS
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tasks. Moreover, we found that poorer performance on all measures of the LOS was associated
with impaired WM integrity, especially of tracts involved in planning and execution of com-
plex movements, information processing speed, somatosensory integration and visual func-
tion. These findings show that, in adults with TBI, standing balance control seems to depend
upon the integrity of both long-and short-range WM fiber bundles involved in a broad range
of brain functions.

Supporting information

S1 File. Benjamini-Hochberg (B-H) procedure. Description of the computation of B-H cor-
rected p values for each set of correlations.
(DOCX)

S2 File. Correlations between balance and additional DTI measures. These are complemen-
tary tables showing correlation values between each balance measure and DTT measures that
were not included in the main manuscript (Axial Diffusivity, Medial Diftusivity and Radial
Diffusivity).

(DOCX)

Acknowledgments

Thanks to Andre van der Merwe, at the Center for Neuroscience and Regenerative Medicine,
for coordinating this project.

Author Contributions

Conceptualization: Cris Zampieri, Pashtun Shahim, Diane Damiano, Leighton Chan.
Data curation: Jacob B. Leary, Pashtun Shahim, Dzung L. Pham.

Formal analysis: Pei-Shu Ho.

Funding acquisition: Leighton Chan.

Methodology: Cris Zampieri, Pashtun Shahim, Dzung L. Pham, Leighton Chan.

Writing - original draft: Cris Zampieri, Jacob B. Leary, Pashtun Shahim, Leighton Chan.

Writing - review & editing: Cris Zampieri, Jacob B. Leary, Pashtun Shahim, Diane Damiano,
Pei-Shu Ho, Dzung L. Pham, Leighton Chan.

References

1. Masson F, Maurette P, Salmi LR, Dartigues JF, Vecsey J, Destaillats JM, et al. Prevalence of impair-
ments 5 years after a head injury, and their relationship with disabilities and outcome. Brain Inj. 1996;
10(7):487-497. https://doi.org/10.1080/026990596124205 PMID: 8806009

2. Maskell F, Chiarelli P, Isles R. Dizziness after traumatic brain injury: overview and measurement in the
clinical setting. Brain Inj. 2006; 20(3):293-305. https://doi.org/10.1080/02699050500488041 PMID:
16537271

3. Mancini M, Horak FB. The relevance of clinical balance assessment tools to differentiate balance defi-
cits. Eur Jo Phys Rehabil Med. 2010; 46(2):239-248. PMID: 20485226

4. Guskiewicz KM. Postural stability assessment following concussion: one piece of the puzzle. Clin J
Sport Med. 2001; 11(3):182-189. https://doi.org/10.1097/00042752-200107000-00009 PMID:
11495323

5. Basford JR, Chou LS, Kaufman KR, Brey RH, Walker A, Malec JF, et al. An assessment of gait and bal-
ance deficits after traumatic brain injury. Arch Phys Med Rehabil. 2003; 84:343-349. https://doi.org/10.
1053/apmr.2003.50034 PMID: 12638101

PLOS ONE | https://doi.org/10.1371/journal.pone.0288727 November 27, 2023 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288727.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288727.s002
https://doi.org/10.1080/026990596124205
http://www.ncbi.nlm.nih.gov/pubmed/8806009
https://doi.org/10.1080/02699050500488041
http://www.ncbi.nlm.nih.gov/pubmed/16537271
http://www.ncbi.nlm.nih.gov/pubmed/20485226
https://doi.org/10.1097/00042752-200107000-00009
http://www.ncbi.nlm.nih.gov/pubmed/11495323
https://doi.org/10.1053/apmr.2003.50034
https://doi.org/10.1053/apmr.2003.50034
http://www.ncbi.nlm.nih.gov/pubmed/12638101
https://doi.org/10.1371/journal.pone.0288727

PLOS ONE

Brain imaging and balance in TBI

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

Pickett TC, Radfar-Baublitz LS, McDonald SD, Walker WC, Cifu DX. Objectively assessing balance def-
icits after TBI: Role of computerized posturography. J Rehabil Res Dev. 2007; 44(7):983-989. https://
doi.org/10.1682/jrrd.2007.01.0001 PMID: 18075955

Kleffelgaard |, Roe C, Soberg HL, Bergland A. Associations among self-reported balance problems,
post-concussion symptoms and performance-based tests: a longitudinal follow-up study. Disabil Reha-
bil. 2012; 34(9):788-794. https://doi.org/10.3109/09638288.2011.619624 PMID: 22149161

Kaufman KR, Brey RH, Chou LS, Rabatin A, Brown AW, Basford JR. Comparison of subjective and
objective measurements of balance disorders following traumatic brain injury, Med Eng & Phys. 2006;
28:234-2309. https://doi.org/10.1016/j.medengphy.2005.05.005 PMID: 16043377

Nashner LM. Computerized Dynamic Posturography. In: Jacobson GP, Newman CW, Kartush JM, edi-
tors. Handbook of Balance Function Testing. San Diego, CA: Singular Publishing Group;1997. p. 280—
307.

Scherer MR, Burrows H, Pinto R, Littlefield P, French LM, Tarbett AK, et al. Evidence of central and
peripheral vestibular pathology in blast-related traumatic brain injury. Otol. Neurotol. 2011; 32:571-80.
https://doi.org/10.1097/MAQO.0b013e318210b8fa PMID: 21358450

Row J, Chan L, Damiano D, Shenouda C, Collins J, Zampieri C. Balance assessment in traumatic brain
injury: A comparison of the sensory organization and limits of stability tests. J Neurotrauma. 2019; 36
(16):2435-2442. https://doi.org/10.1089/neu.2018.5755 PMID: 30909842

Newstead AH, Hinman MR, Tomberlin JA. Reliability of the Berg Balance Scale and balance master lim-
its of stability tests for individuals with brain injury. J. Neurol. Phys Ther. 2005; 29:18-23. https://doi.org/
10.1097/01.npt.0000282258.74325.cf PMID: 16386157

Levin HS. Neuroplasticity following non-penetrating traumatic brain injury. Brain Inj. 2003; 17:665-674.
https://doi.org/10.1080/0269905031000107151 PMID: 12850951

Inglese M, Makani S, Johnson G, Cohen BA, Silver JA, Gonen O, et al. Diffuse axonal injury in mild trau-
matic brain injury: a diffusion tensor imaging study. J Neurosurg. 2005; 103:298-303. https://doi.org/10.
3171/jns.2005.103.2.0298 PMID: 16175860

Arfanakis K, Haughton VM, Carew JD, Rogers BP, Dempsey RJ, Meyerand ME. Diffusion tensor MR
imaging in diffuse axonal injury. Am J Neuroradiol. 2002; 23(5):794-802. PMID: 12006280

Mac Donald CL, Dikranian K, Bayly P, Holtzman D, Brody D. Diffusion tensor imaging reliably detects
experimental traumatic axonal injury and indicates approximate time of injury. J Neurosci. 2007; 27
(44):11869-76. https://doi.org/10.1523/JNEUROSCI.3647-07.2007 PMID: 17978027

Hayes JP, Bigler ED, Verfaellie M. Traumatic brain injury as a disorder of brain connectivity. J Int Neu-
ropsychol Soc. 2016; 22(2):120-137. https://doi.org/10.1017/S1355617715000740 PMID: 26888612

Caeyenberghs K, Leemans A, Geurts M, Taymans T, Vander Linden C, Smits-Engelsman BCM, et al.
Brain-behavior relationships in young traumatic brain injury patients: DTI metrics are highly correlated

with postural control. Hum Brain Mapp. 2010; 31:992—1002. https://doi.org/10.1002/hbm.20911 PMID:
19998364

Caeyenberghs K, Leemans A, Geurts M, Linden CV, Smits-Engelsman BCM, Sunaert S, et al. Correla-
tions between white matter integrity and motor function in traumatic brain injury patients. Neurorehabil
Neural Repair. 2011; 25,492-502. https://doi.org/10.1177/1545968310394870 PMID: 21427274

The management of Concussion/mTBI Working Group. VA/DoD clinical practice guideline for manage-
ment of concussion/mild traumatic brain injury. J Rehabil Res Dev. 2009;46(6):CP1-68.

Pierpaoli C, Walker L, Irffanoglu MO, Barnett A, Basser P, Chang LC, et al. TORTOISE: an integrated
software package for processing of diffusion MRI data. ISMRM 18th annual meeting, Stockholm, Swe-
den. 2010.

Avants BB, Tustison NJ, Song G, Cook PA, Klein A, Gee JC. A reproducible evaluation of ANTSs similar-
ity metric performance in brain image registration. Neuroimage 2011; 54(3):2033—44. https://doi.org/10.
1016/j.neuroimage.2010.09.025 PMID: 20851191

Bazin PL, Ye C, Bogovic JA, Shiee N, Reich DS, Prince JL. Direct segmentation of the major white mat-
ter tracts in diffusion tensor images. Neuroimage 2011; 58(2):458—68. https://doi.org/10.1016/j.
neuroimage.2011.06.020 PMID: 21718790

Surgent OJ, Dadalko Ol, Pickett KA, Travers BG. Balance and the brain: A review of structural brain cor-
relates of postural balance and balance training in humans. Gait Posture. 2019; 71:245-252. https://doi.
org/10.1016/j.gaitpost.2019.05.011 PMID: 31082657

Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to
Multiple Testing. J R Stat Soc Ser B Stat Methodol. 1995; 57(1):289-300.

Ruet A, Bayen E, Jourdan C, Ghout |, Meaude L, Lalanne A, et al. A detailed overview of long-term out-
comes in severe traumatic brain injury eight years post-injury. Font Neurol. 2019; 10:1-13. https://doi.
org/10.3389/fneur.2019.00120 PMID: 30846966

PLOS ONE | https://doi.org/10.1371/journal.pone.0288727 November 27, 2023 16/18


https://doi.org/10.1682/jrrd.2007.01.0001
https://doi.org/10.1682/jrrd.2007.01.0001
http://www.ncbi.nlm.nih.gov/pubmed/18075955
https://doi.org/10.3109/09638288.2011.619624
http://www.ncbi.nlm.nih.gov/pubmed/22149161
https://doi.org/10.1016/j.medengphy.2005.05.005
http://www.ncbi.nlm.nih.gov/pubmed/16043377
https://doi.org/10.1097/MAO.0b013e318210b8fa
http://www.ncbi.nlm.nih.gov/pubmed/21358450
https://doi.org/10.1089/neu.2018.5755
http://www.ncbi.nlm.nih.gov/pubmed/30909842
https://doi.org/10.1097/01.npt.0000282258.74325.cf
https://doi.org/10.1097/01.npt.0000282258.74325.cf
http://www.ncbi.nlm.nih.gov/pubmed/16386157
https://doi.org/10.1080/0269905031000107151
http://www.ncbi.nlm.nih.gov/pubmed/12850951
https://doi.org/10.3171/jns.2005.103.2.0298
https://doi.org/10.3171/jns.2005.103.2.0298
http://www.ncbi.nlm.nih.gov/pubmed/16175860
http://www.ncbi.nlm.nih.gov/pubmed/12006280
https://doi.org/10.1523/JNEUROSCI.3647-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17978027
https://doi.org/10.1017/S1355617715000740
http://www.ncbi.nlm.nih.gov/pubmed/26888612
https://doi.org/10.1002/hbm.20911
http://www.ncbi.nlm.nih.gov/pubmed/19998364
https://doi.org/10.1177/1545968310394870
http://www.ncbi.nlm.nih.gov/pubmed/21427274
https://doi.org/10.1016/j.neuroimage.2010.09.025
https://doi.org/10.1016/j.neuroimage.2010.09.025
http://www.ncbi.nlm.nih.gov/pubmed/20851191
https://doi.org/10.1016/j.neuroimage.2011.06.020
https://doi.org/10.1016/j.neuroimage.2011.06.020
http://www.ncbi.nlm.nih.gov/pubmed/21718790
https://doi.org/10.1016/j.gaitpost.2019.05.011
https://doi.org/10.1016/j.gaitpost.2019.05.011
http://www.ncbi.nlm.nih.gov/pubmed/31082657
https://doi.org/10.3389/fneur.2019.00120
https://doi.org/10.3389/fneur.2019.00120
http://www.ncbi.nlm.nih.gov/pubmed/30846966
https://doi.org/10.1371/journal.pone.0288727

PLOS ONE

Brain imaging and balance in TBI

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Day BL, Lord SR. Handbook of clinical neurology. Vol 159. New York, NY: Elsevier; 2018. p27—-42.

Romanowski CA, Hutton M, Rowe J, Yianni J, Warren D, Bigley J, Wilkinson ID. The Anatomy of the
Medial Lemniscus within the Brainstem Demonstrated at 3 Tesla with High Resolution Fat Suppressed
T1-Weighted Images and Diffusion Tensor Imaging. Neuroradiol J. 2011 May 15; 24(2):171-6. https://
doi.org/10.1177/197140091102400202 Epub 2011 May 11. PMID: 24059604.

Worker A, Blain C, Jarosz J, Chaudhuri KR, Barker GJ, Williams SCR, et al. Diffusion Tensor Imaging
of Parkinson’s Disease, Multiple System Atrophy and Progressive Supranuclear Palsy: A Tract-Based
Spatial Statistics Study. PLOS ONE. 2014; 9(11):e112638. https://doi.org/10.1371/journal.pone.
0112638 PMID: 25405990

Son SM, Chang MC. Improvement of Gait Dysfunction after Applying a Hinged Ankle—Foot Orthosis in
a Hemiplegic Cerebral Palsy Patient with Disrupted Medial Lemniscus: A Case Report. Children
(Basel). 2021; 8(2),81. https://doi.org/10.3390/children8020081 PMID: 33503801

Jung YJ, Jang SH, Yeo SS, Lee E, Kim S, Lee DJ, Kim HS, Son SM. Medial Lemniscus Lesion in Pedi-
atric Hemiplegic Patients without Corticospinal Tract and Posterior Thalamic Radiation Lesion. Eur
Neurol. 2012; 67(4):211-216. https://doi.org/10.1159/000335872 PMID: 22414658

Prodoehl J, Li H, Planetta PJ, Goetz CG, Shannon KM, Tangonan R, et al. Diffusion Tensor Imaging of
Parkinson’s Disease, Atypical Parkinsonism and Essential Tremor. Mov Dis. 2013; 28:1816-1822.
https://doi.org/10.1002/mds.25491 PMID: 23674400

Hong JH, Kimb OL, Kimb SH, Leec MY, Janga SH. Cerebellar peduncle injury in patients with ataxia fol-
lowing diffuse axonal injury. Brain Res Bull. 2009; 80:30-35. https://doi.org/10.1016/j.brainresbull.
2009.05.021 PMID: 19505539

Drijkoningena D, Caeyenberghs K, Leunissena |, Linden CV, Leemans A, Sunaert S, et al. Training-
induced improvements in postural control are accompanied by alterations in cerebellar white matter in
brain injured patients. Neurolmage: Clin. 2015; 7:240-251.

Steindl R, Kunz K, Schrott-Fischer A, Scholtz AW. Effect of age and sex on maturation of sensory sys-
tems and balance control. Dev Med Child Neurol. 2006; 48(6):477—-482. https://doi.org/10.1017/
S0012162206001022 PMID: 16700940

Wafa T, Zalewski C, Tamaki C, Barac-Cikoja D, Bakke M, Brewer C. A new paradigm for assessing
postural stability. Gait Posture. 2023; 100:188—192. https://doi.org/10.1016/j.gaitpost.2022.12.010
PMID: 36571908

Gera G, Fling BW, Horak FB. Cerebellar White Matter Damage Is Associated With Postural Sway Defi-
cits in People With Multiple Sclerosis. Arch Phys Med Rehab. 2020; 101:258—64. https://doi.org/10.
1016/j.apmr.2019.07.011 PMID: 31465761

Karnath H, Johannsen L, Broetz D, Kuker W. Posterior thalamic hemorrhage induces “pusher syn-
drome”. Neurol. 2005; 64:1014-1019.

Paviour DC, Thornton JS, Lees AJ, and Jager HR. Diffusion-Weighted Magnetic Resonance Imaging
Differentiates Parkinsonian Variant of Multiple-System Atrophy From Progressive Supranuclear Palsy.
Mov Dis. 2007; 22(1): 68—74. https://doi.org/10.1002/mds.21204 PMID: 17089396

Blain CRV, Barker GJ, Jarosz JM, Coyle NA, Landau S, Brown RG, et al. Measuring brain stem and cer-
ebellar damage in parkinsonian syndromes using diffusion tensor MRI. Neurol. 2006; 67:2199-2205.
https://doi.org/10.1212/01.wnl.0000249307.59950.f8 PMID: 17190944

Lemon RN, Kirkwood PA, Maier MA, Nakajima K, Nathan P. Direct and indirect pathways for corticosp-
inal control of upper limb motoneurons in the primate. Prog Brain Res. 2004; 143:263-279. https://doi.
org/10.1016/S0079-6123(03)43026-4 PMID: 14653171

Zhang Y, Du G, Yang Y, Qin W, Li X, Zhang Q. Higher integrity of the motor and visual pathways in
long-term video game players [published correction appears in 2019 Front Hum Neurosci 13(125)].
Front Hum Neurosci. 2015; 9(98):1-7.

Kafri M, Sasson E, Assaf Y, Balash Y, Aiznstein O, Hausdorff JM, et al. High-level gait disorder: Associ-
ations with specific white matter changes observed on advanced diffusion imaging. J Neuroimaging.
2013; 23(1):39-46. https://doi.org/10.1111/1.1552-6569.2012.00734.x PMID: 22928624

Porro G, van der Linden D, van Nieuwenhuizen O, Wittebol-Post D. Role of Visual Dysfunction in Pos-
tural Control in Children with Cerebral Palsy. Neural Plast. 2005; 12(2—3):205-210. https://doi.org/10.
1155/np.2005.205 PMID: 16097488

Caeyenberghs K, Leemans A, Geurts M, Taymans T, Vander Linden C, Smits-Engelsman BCM, et al.
Brain-behavior relationships in young traumatic brain injury patients: Fractional anisotropy measures
are highly correlated with dynamic visuomotor tracking performance. Neuropsychologia. 2010; 48
(5):1472-1482. https://doi.org/10.1016/j.neuropsychologia.2010.01.017 PMID: 20117121

PLOS ONE | https://doi.org/10.1371/journal.pone.0288727 November 27, 2023 17/18


https://doi.org/10.1177/197140091102400202
https://doi.org/10.1177/197140091102400202
http://www.ncbi.nlm.nih.gov/pubmed/24059604
https://doi.org/10.1371/journal.pone.0112638
https://doi.org/10.1371/journal.pone.0112638
http://www.ncbi.nlm.nih.gov/pubmed/25405990
https://doi.org/10.3390/children8020081
http://www.ncbi.nlm.nih.gov/pubmed/33503801
https://doi.org/10.1159/000335872
http://www.ncbi.nlm.nih.gov/pubmed/22414658
https://doi.org/10.1002/mds.25491
http://www.ncbi.nlm.nih.gov/pubmed/23674400
https://doi.org/10.1016/j.brainresbull.2009.05.021
https://doi.org/10.1016/j.brainresbull.2009.05.021
http://www.ncbi.nlm.nih.gov/pubmed/19505539
https://doi.org/10.1017/S0012162206001022
https://doi.org/10.1017/S0012162206001022
http://www.ncbi.nlm.nih.gov/pubmed/16700940
https://doi.org/10.1016/j.gaitpost.2022.12.010
http://www.ncbi.nlm.nih.gov/pubmed/36571908
https://doi.org/10.1016/j.apmr.2019.07.011
https://doi.org/10.1016/j.apmr.2019.07.011
http://www.ncbi.nlm.nih.gov/pubmed/31465761
https://doi.org/10.1002/mds.21204
http://www.ncbi.nlm.nih.gov/pubmed/17089396
https://doi.org/10.1212/01.wnl.0000249307.59950.f8
http://www.ncbi.nlm.nih.gov/pubmed/17190944
https://doi.org/10.1016/S0079-6123%2803%2943026-4
https://doi.org/10.1016/S0079-6123%2803%2943026-4
http://www.ncbi.nlm.nih.gov/pubmed/14653171
https://doi.org/10.1111/j.1552-6569.2012.00734.x
http://www.ncbi.nlm.nih.gov/pubmed/22928624
https://doi.org/10.1155/np.2005.205
https://doi.org/10.1155/np.2005.205
http://www.ncbi.nlm.nih.gov/pubmed/16097488
https://doi.org/10.1016/j.neuropsychologia.2010.01.017
http://www.ncbi.nlm.nih.gov/pubmed/20117121
https://doi.org/10.1371/journal.pone.0288727

PLOS ONE

Brain imaging and balance in TBI

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Schmahman JD, Pandya DN. Disconnection syndromes of basal ganglia, thalamus, and cerebrocere-
bellar systems. Cortex. 2008; 44(8):1037—1066. https://doi.org/10.1016/j.cortex.2008.04.004 PMID:
18614161

Chechlacz M, Rotshtein P, Humphreys GW. Neuroanatomical dissections of unilateral visual neglect
symptoms: ALE meta-analysis of lesion-symptom mapping. Front Hum Neurosci. 2012; 6(230):1-20.
https://doi.org/10.3389/fnhum.2012.00230 PMID: 22907997

Umarova RM, Reisert M, Beier TU, Kiselev VG, Kloppel S, Kaller CP, et al. Attention-network specific
alterations of structural connectivity in the undamaged white matter in acute neglect. Hum Brain Mapp.
2014; 35(9):4678-4692. https://doi.org/10.1002/hbm.22503 PMID: 24668692

Nakajima R, Kinoshita M, Shinohara H, Nakada M. The superior longitudinal fascicle: Reconsidering
the fronto-parietal neural network based on anatomy and function. Brain Imaging Behav. 2019;
14:2817-2830.

Schaechter JD, Fricke Z.P, Perdue KL, Helmer KG, Vangel MG, Greve DN. Microstructural status of
ipsilesional and contralesional corticospinal tract correlates with motor skill in chronic stroke patients.
Hum Brain Mapp. 2009; 30(11):3461-74.

Koch G, Cercignani M, Pecchioli C, Versace V. Oliveri M, Caltagirone C, et al. In vivo definition of par-
ieto-motor connections involved in planning of grasping movements. Neuroimage. 2010; 51:300-312.
https://doi.org/10.1016/j.neuroimage.2010.02.022 PMID: 20156564

Sasson E, Doniger GM, Pasternak O, Tarrasch R, Assaf Y. White matter correlates of cognitive
domains in normal aging with diffusion tensor imaging. Front Neurosci. 2013; 7(32):1-13. https://doi.
org/10.3389/fnins.2013.00032 PMID: 23493587

Hulkwoer MB, Poliak DB, Rosenbaum SB, Zimmerman ME, Lipton ML. A Decade of DTl in Traumatic
Brain Injury: 10 Years and 100 Articles Later. AUJNR. 2013; 34:2064—2074. https://doi.org/10.3174/ajnr.
A3395 PMID: 23306011

Bhadelia RA, Price LL, Tedesco KL, Scott T, Qiu WQ, Patz S, et al. Diffusion tensor imaging, white mat-
ter lesions, the corpus callosum, and gait in the elderly. Stroke. 2009; 40(12):3816—20. https://doi.org/
10.1161/STROKEAHA.109.564765 PMID: 19797696

Van Impe A, Coxon JP, Goble DJ, Doumas M, Swinnen SP. White matter fractional anisotropy predicts
balance performance in older adults. Neurobiol Aging. 2012; 33(9):1900—1912. https://doi.org/10.1016/
j.neurobiolaging.2011.06.013 PMID: 21872363

Berlucchi G, Aglioti S, Marzi CA, Tassinari G. Corpus callosum and simple visuomotor integration. Neu-
ropsychologia. 1995; 33:923-936. https://doi.org/10.1016/0028-3932(95)00031-w PMID: 8524454

Hines RJ, Paul LK, Brown WS. Spatial attention in agenesis of the corpus callosum: shifting attention
between visual fields. Neuropsychologia. 2002; 40:1804—1814. https://doi.org/10.1016/s0028-3932(02)
00032-5 PMID: 12062892

Tekin S, Cummings JL. Frontal-subcortical neuronal circuits and clinical neuropsychiatry: An update. J
Psychosom Res. 2002; 53(2):647—-654.

Van der Werf YD, Jolles J, Witter MP, Uylings HBM. Contributions of thalamic nuclei to declarative
memory functioning. Cortex. 2003; 39(4-5):1047—-1062.

Floresco SB, Grace AA. Gating of hippocampal-evoked activity in prefrontal cortical neurons by inputs
from the mediodorsal thalamus and ventral tegmental area. J Neurosci. 2003; 23(9):3930—43. https:/
doi.org/10.1523/JNEUROSCI.23-09-03930.2003 PMID: 12736363

Douglas DB, Iv M, Douglas PK, Anderson A, Vos SB, Vammer R, Zeineh M, Wintermark M. Diffusion
tensor imaging of TBI: Potentials and Challenges. Top Man Reson Imaging. 2015; 24(5):241-51.
https://doi.org/10.1097/RMR.0000000000000062 PMID: 26502306

Xiong K, Zhu Y, Zhang W. Diffusion tensor imaging and magnetic resonance spectroscopy in traumatic
brain injury: a review of recent literature. 2014; 8(4):487—496.

PLOS ONE | https://doi.org/10.1371/journal.pone.0288727 November 27, 2023 18/18


https://doi.org/10.1016/j.cortex.2008.04.004
http://www.ncbi.nlm.nih.gov/pubmed/18614161
https://doi.org/10.3389/fnhum.2012.00230
http://www.ncbi.nlm.nih.gov/pubmed/22907997
https://doi.org/10.1002/hbm.22503
http://www.ncbi.nlm.nih.gov/pubmed/24668692
https://doi.org/10.1016/j.neuroimage.2010.02.022
http://www.ncbi.nlm.nih.gov/pubmed/20156564
https://doi.org/10.3389/fnins.2013.00032
https://doi.org/10.3389/fnins.2013.00032
http://www.ncbi.nlm.nih.gov/pubmed/23493587
https://doi.org/10.3174/ajnr.A3395
https://doi.org/10.3174/ajnr.A3395
http://www.ncbi.nlm.nih.gov/pubmed/23306011
https://doi.org/10.1161/STROKEAHA.109.564765
https://doi.org/10.1161/STROKEAHA.109.564765
http://www.ncbi.nlm.nih.gov/pubmed/19797696
https://doi.org/10.1016/j.neurobiolaging.2011.06.013
https://doi.org/10.1016/j.neurobiolaging.2011.06.013
http://www.ncbi.nlm.nih.gov/pubmed/21872363
https://doi.org/10.1016/0028-3932%2895%2900031-w
http://www.ncbi.nlm.nih.gov/pubmed/8524454
https://doi.org/10.1016/s0028-3932%2802%2900032-5
https://doi.org/10.1016/s0028-3932%2802%2900032-5
http://www.ncbi.nlm.nih.gov/pubmed/12062892
https://doi.org/10.1523/JNEUROSCI.23-09-03930.2003
https://doi.org/10.1523/JNEUROSCI.23-09-03930.2003
http://www.ncbi.nlm.nih.gov/pubmed/12736363
https://doi.org/10.1097/RMR.0000000000000062
http://www.ncbi.nlm.nih.gov/pubmed/26502306
https://doi.org/10.1371/journal.pone.0288727

