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Background: Mild traumatic brain injuries (mTBIs) comprise 80% of all TBI, but

conventional MRI techniques are often insensitive to the subtle changes and

injuries produced in a concussion. Di�usion tensor imaging (DTI) is one of the

most sensitive MRI techniques for mTBI studies with outcome and symptom

associations described. The corpus callosum (CC) is one of the most studied fiber

tracts in TBI and mTBI, but the comprehensive post-mTBI symptom relationship

has not fully been explored.

Methods: This is a retrospective observational study of how quantitative DTI data

of the CC and its sub-regions may relate to clinical presentation of symptoms

and timing of resolution of symptoms in patients diagnosed with uncomplicated

mTBI. DTI and clinical data were obtained retrospectively from 446 (mean age 42

years, range 13–82) civilian patients. From patient medical charts, presentation

of the following common post-concussive symptoms was noted: headache,

balance issues, cognitive deficits, fatigue, anxiety, depression, and emotional

lability. Also recorded was the time between injury and a visit to the physician

when improvement or resolution of a particular symptom was reported. FA

values from the total CC and 3 subregions of the CC (genu or anterior, mid

body, and splenium or posterior) were obtained from hand tracing on the

Olea Sphere v3.0 SP12 free-standing workstation. DTI data was obtained from

8 di�erent 3T MRI scanners and harmonized via ComBat harmonization. The

statistical models used to explore the association between regional Fractional

Anisotropy (FA) values and symptom presentation and time to symptom resolution

were logistic regression and interval-censored semi-parametric Cox proportional

hazardmodels, respectively. Subgroups related to age and timing of first scanwere

also analyzed.

Results: Patients with the highest FA in the total CC (p = 0.01), anterior CC

(p < 0.01), and mid-body CC (p = 0.03), but not the posterior CC (p = 0.91)
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recovered faster from post-concussive cognitive deficits. Patients with the highest

FA in the posterior CC recovered faster from depression (p = 0.04) and emotional

lability (p= 0.01). There was no evidence that FA in the CC or any of its sub-regions

was associatedwith symptompresentation or with time to resolution of headache,

balance issues, fatigue, or anxiety. Patients withmTBI under 40 had higher FA in the

CC and the anterior and mid-body subregions (but not the posterior subregion:

p = 1.00) compared to patients 40 or over (p ≤ 0.01). There was no evidence for

di�erences in symptom presentation based on loss of consciousness (LOC) or sex

(p ≥ 0.18).

Conclusion: This study suggests that FA of the CC has diagnostic and prognostic

value for clinical assessment of mTBI in a large diverse civilian population,

particularly in patients with cognitive symptoms.

KEYWORDS

concussion, post-concussion syndrome (PCS), di�usion tensor imaging (DTI), clinical

outcomes, interval-censored

1. Introduction

Over 1.7 million traumatic brain injuries (TBIs) are diagnosed

in the United States every year (Menon et al., 2010). TBIs are

classified clinically as either mild, moderate, or severe based

primarily on the Glasgow Coma Scale score, post-traumatic loss of

consciousness, or memory loss (Menon et al., 2010). Mild traumatic

brain injuries (mTBIs), or concussions, are the most common type

of TBI, representing approximately 80% of brain injuries in the

US (Menon et al., 2010). The negative impacts of moderate and

severe TBI are clinically and otherwise well described (Rutgers et al.,

2008) but complications of an mTBI often persist for months or

years after date of injury. For example, a large cohort study of 910

patients with mTBI reported that 6 months after the injury, 84%

had post-traumatic complaints, 45% had emotional distress, and

44% had incomplete recovery based on the GlasgowOutcome Scale

Extended (van der Naalt et al., 2017).

Difficulties relating to the diagnosis and treatment of mTBI

can be in part attributed to disparate clinical presentation and

diagnostic criteria (Gómez et al., 1996; Ruff et al., 1996; McCrory

et al., 2013; Koerte et al., 2016; Kazl and Torres, 2019; Pozzato et al.,

2020). At present an mTBI diagnosis is heavily reliant on physician

assessment of patient clinical history. Anticipating the severity and

longevity of post-traumatic sequalae remains challenging (Menon

et al., 2010). Dynamic common post-concussive symptoms include

somatic as well as neuropsychological complaints, including

headache, dizziness/difficulty balancing, cognitive deficits, fatigue,

lethargy, altered emotional state, and behavioral and personality

changes (Tator, 2013; Kazl and Torres, 2019). A physician can

diagnose post-concussion syndrome (PCS) after mTBI when

symptoms persist 3 or more months based on the International

Classification of Diseases, 10th revision (Organization World

Health, 1993). The diagnosis of PCS is somewhat controversial, and

the most recent version of the Diagnostic and Statistical Manual

of Mental Disorders [5th edition; DSM-IV; criteria (American

Psychiatric Association, 2013)] dropped PCS. The ICD-10 based

diagnosis of PCS is made when 3 of 8 of the following symptoms

are present: headache, dizziness, fatigue, irritability, insomnia,

concentration difficulty, memory difficulties, or intolerance of

stress, emotion, or alcohol. This is important for this study

because many previous studies (Khong et al., 2016) have used

PCS as an outcome variable, and since each of the individual

symptoms may have a separate neurological basis, it is possible

that the use of PCS as an outcome variable has obscured some

useful neuroradiological associations with individual symptoms.

Inaccurate or incomplete reporting of factors such as symptom

severity, loss of consciousness, and post-traumatic amnesia may

confound meaningful clinical assessment (Menon et al., 2010). To

add to the complications, patients over 40 years old have slower

recovery from mTBI compared to patients under 40 (Chiang et al.,

2016).

There is considerable interest in expanding existing clinical

diagnostic techniques with objective and quantitative parameters

(Tator, 2013). However, image findings consistent with trauma

are seldom detected on conventional magnetic resonance imaging

(MRI) modalities, appearing <27% of the time for patients with

mTBI (Yuh et al., 2013). Studies using amore advanced quantitative

MR imaging technique, Diffusion tensor imaging (DTI), have

suggested that trauma may induce subtle microstructural changes

to the white matter not visible in CT or conventional MRI

in some (Tisserand et al., 2006; Cubon et al., 2011; Lipton

et al., 2012; Toth et al., 2013; Hayes et al., 2015; Bahrami

et al., 2016), but not all (Ilvesmäki et al., 2014), studies. It

appears clear that Diffusion Tensor Imaging (DTI) offers enhanced

sensitivity to detect structural white matter changes in a variety

of fiber tracts in mTBI patients with a variety of reported

outcome and symptom associations (Narayana, 2017; Palacios et al.,

2022).

DTI measures variable diffusion of water molecules to

quantitatively assess the physical properties of white matter and

estimate axonal health (Arfanakis et al., 2002; Hulkower et al.,

2013). DTI makes the fundamental assumption that in a healthy

neuron, the water diffusion signal along an axon is unconstrained

relative to diffusion, and constrained perpendicular to the path of

axonal projection. Diffusion data collected in DTI can be expressed

in terms of four quantitative variables: fractional anisotropy (FA),
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mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity

(AD) (Arfanakis et al., 2002). FA values are most often used in

clinical practice and the focus of research trials for a variety of

neurologic conditions and disorders including TBI (Tae et al.,

2018). Small FA values (near zero) suggest unconstrained diffusion

in all directions, while large FA values (near one) are taken to

indicate that diffusion is restricted in all directions except along

one axis, although strict interpretation is not without controversy

(Figley et al., 2022). While some studies have described elevated

FA values in the acute phase and a minority in the chronic phase,

the most widely reported finding in mTBI patients is decreased

FA values, thought to represent impediment of water diffusivity

along axons due to microscopic injury (Lindsey et al., 2021). A

large recent 391 subject multicenter and scanner mTBI study found

significantly decreased FA values as soon as 2 weeks followingmTBI

(Palacios et al., 2022). Recent diffusion imaging studies suggest that

microstructural white matter changes can be detected in mTBI, and

that decreased FA values are common among patients experiencing

prolonged post-concussive symptoms (Gonzalez et al., 2021a;Ware

et al., 2022). A complicating factor is age, which can also affect FA,

where individuals over 40 years old have lower FA than younger

individuals (Ilvesmäki et al., 2014).

The corpus callosum (CC) is an area of the brain that appears

to be particularly important in evaluating effects of mTBI, based on

its location, vulnerability to axonal shearing, and previous studies.

The CC is the largest white matter structure of the brain, serving

as the primary inter-hemispheric bridge. Anatomically, the CC

can be described in terms of three sub-regions: the genu (anterior

portion), mid-body (medial portion), and splenium (posterior

portion; Figure 1) (Haines and Ard, 2013). Each sub-region has

been related to its function by examining activation using fMRI

(Fabri and Polonara, 2013); for example, the splenium is activated

in response to stimuli that take and auditory or visual form, whereas

the genu responds to taste and the central portion to motor tasks.

Previous studies of mTBI have also used these sub-regions of the

CC (Nakayama et al., 2006; Matsushita et al., 2011; Wallace et al.,

2018).

The CC is of particular interest in TBI due to the structural

and spatial vulnerability to axonal shearing injuries (King et al.,

1995). Axonal damage outside the CC may propagate to the

CC via Wallerian degeneration (Ho et al., 2013). The CC is

one of the most well studied axonal tracts in TBI due to its

critical location and large size, which has allowed a high level of

technical reproducibility (Narayana, 2017; Lindsey et al., 2021).

Multiple studies have found lower CC FA values in trauma

patients vs. controls; however, many of these studies were relatively

small or focused on the entire CC rather than its subregions

(Rutgers et al., 2008; Kumar et al., 2009; Rajesh et al., 2017;

Yin et al., 2019). Cognitive deficits are by far the most common

symptom association with CC FA in trauma patients. A DTI

meta-analysis including the CC in 562 TBI patients, of which

229 were mTBI patients, did not distinguish between symptom

presentation and improvement and there was some heterogeneity

in the cognitive assessments with 7 different domains categorized

(Wallace et al., 2018). Other common symptoms following mTBI

(e.g., headache, balance deficits, fatigue, anxiety, depression, and

emotional lability) have been less well-studied. In addition, much of

the current literature does not clearly distinguish between symptom

presentation and symptom resolution or improvement, which

is an important distinction for clinicians in making diagnostic

and treatment decisions. Specifically, symptom resolution or

improvement is assessed only for the subset of patients who present

with a symptom, whereas associations with symptom appearance

are made in comparison to those who do not have a symptom.

The purpose of this study was to examine FA of CC regions

more comprehensively with comparison to symptom incidence and

time to resolution for 7 of the most commonly reported mTBI

symptoms. To our knowledge, this study of 466mTBI patients is the

largest study to date using DTI to assess mTBI patients. Previous

studies have demonstrated that decreased fractional anisotropy

(FA) of the CC after mTBI is often correlated with prolonged, post

concussive symptomatology, particularly cognitive deficits. We

hypothesized that isolating sub-regions of the CC and relating their

FA to individual post-mTBI symptom presence and persistence

will yield additional insights and testable hypotheses to inform

future work.

2. Methods

2.1. Patient population

The patients included in the study were all in litigation. Patients

with initial imaging up to 6 years post-injury were considered for

inclusion. Imaging and clinical data were obtained retrospectively

for 717 civilian patients who were diagnosed with mTBI by a

board-certified neurologist specializing in head trauma utilizing

the standard DSM-V diagnostic criteria (American Psychiatric

Association, 2013). Neurology initial consult occurred 118 days

post-injury on average and no subjects were reported in the record

as having a Glasgow Coma Scale (GCS) of 14 or lower at the

time of the trauma. All patients reported persistence of one or

more injury related symptoms for longer than 6 months post-

injury. Records which were incomplete, with canceled/incomplete

imaging, or with initial imaging >6 years post-injury, were

excluded from analysis. Patients with a clinical history of

demyelinating disease, cerebrovascular accidents/infarcts, prior

head trauma, malignant/benign brain tumors, chronic epilepsy,

or brain surgery were excluded from the study. All imaging data

was reviewed by two board-certified neuroradiologists to check

for the presence of the following exclusionary findings: brain

contusions, hemorrhagic diffuse axonal injury, prior intracranial

hemorrhaging, cerebral vascular malformation, cavernoma, brain

tumor, motion artifact, or other technical artifact (Vanier et al.,

2020). Of the 717 patients screened in the database, 446 met the

inclusion criteria and 402 (90% of the total) had scans conducted in

the first year after injury. This study was determined exempt by the

Touro University Nevada Institutional Review Board (IRB).

2.2. Clinical measures

Patient clinical data was obtained via retrospective

neurologist chart review. Symptom presentation, progression
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FIGURE 1

Sagittal tractography of the CC with labeled regions of interest drawn over representative sub regions of the CC. Figure generated in DSI Studio

(v10.15).

and improvement of cognitive deficits, headache, fatigue,

depression, anxiety, balance issues, and emotional lability were

codified at each neurological consult, which occurred at non-

regular intervals. Cognitive symptoms were defined broadly as

any impairment in learning and memory, attention, executive

functions and language communication (Silver et al., 2005). The

cognitive symptoms were assessed by standard instruments (Jones

et al., 2021) as well as by a neurologist. Headaches were based

on self-reports. Balance was broadly defined by the neurologist

based on physical examination and/or tests outlined by Lei-Rivera

et al. (2013). Anxiety, depression, and emotional lability were

diagnosed using standard DSM-V diagnostic criteria (American

Psychiatric Association, 2013). Time between the injury and the

first clinical consultation was noted. The longevity or survival time

of a symptom was recorded using the two clinical consultations

bracketing the date when clinical symptoms improved or resolved.

To create an interval censored dataset, the number of days between

injury and the two clinical consultations was recorded. In some

individuals, the symptoms did not improve or resolve, so the

final clinical consultation was noted, and the data was considered

right-censored (Vanier et al., 2020).

2.3. Image acquisition and processing

DTI data was obtained using 8 different 3T MRI scanners

(Table 1). Scanning parameters varied slightly but were all echo

planar sequences capturing at least 33 directions and maximum

slice thickness of 4mm. 348 of the 446 datasets collected had a slice

thickness of 2.6mmor less. All diffusion imaging data wasmanually

inspected for artifacts. The raw diffusion imaging data sets

were then preprocessed and reconstructed using a commercially

available Olea Sphere v3.0 SP12 free-standing workstation. Prior

to reconstruction, raw diffusion images were motion and eddy-

current corrected in Olea. A Fiber Assignment with Continuous

Tracking (FACT) algorithm was also deployed via the proprietary

Olea preprocessing workstation to minimize partial volume effects

of crossing fibers and free water. After successful reconstruction

was confirmed, an experienced technologist hand traced the regions

of interest (ROI) containing white matter tracts while avoiding the

nearby cerebrospinal fluid filled ventricles. These regions included

the anterior CC (Genu), mid-body of the CC (Body), posterior

CC (Splenium), and the total CC. The total CC included all three

CC subregions. To maximize translatability of findings to clinical

practice of neuroradiology, and also to maximize intercomparison

between recently published studies, this study used FA values. After

ROI selection, an average FA value was calculated for each of the

four ROIs. These average FA values were then transcribed into the

patient’s medical record and were then recollected during the chart

review process.

2.4. Di�usion data harmonization

To minimize inter-scanner variability without altering intra-

scanner reliability, data harmonization was performed using a

Frontiers inNeuroimaging 04 frontiersin.org

https://doi.org/10.3389/fnimg.2023.1153115
https://www.frontiersin.org/journals/neuroimaging
https://www.frontiersin.org


Asturias et al. 10.3389/fnimg.2023.1153115

TABLE 1 Location and MRI information for scans included in the study.

Location Manufacturer Model Repetition
time (ms)

In-plane
resolution (mm)

Gradient
directions (#)

Echo time
(ms)

Number of
patients

1 GE Signa

HDxt

11,000 2 x 2 x 2.4 33 86 85

2 GE Signa

EXCITE

11,000 2 x 2 x 2.4 33 86 13

3 GE Signa

HDxt

11,000 2 x 2 x 2.4 33 85.1 125

4 Philips Intera 4,302 2 x 2 x 2.2 33 81 87

5 Siemens TrioTim 4,900 2 x 2 x 2.4 33 94 11

6 Siemens Verio 4,200 2 x 2 x 4 33 95 114

7 Siemens Verio 4,700 2 x 2 x 2.6 33 96 2

8 Siemens Verio 4,700 2 x 2 x 2.6 33 96 9

All scanners employed in this study had a field strength of 3T and a standardized imaging protocol utilizing a flip angle of 90◦ and b-value of 1000.

modified ComBat harmonization technique. The ComBat data

harmonization technique was first deployed in the context of

gene expression microarrays (Johnson et al., 2007). The ComBat

technique has proven effective at minimizing MRI scanner and

site effects while still preserving biological variability due to injury

(Fortin et al., 2017; Beer et al., 2020; Onicas et al., 2022). This

study implemented the ComBat harmonization technique first by

categorizing each patient’s ROI average FA data set by scanner. The

ComBat algorithm outlined in Fortin et al., 2017 in MATLAB 2020

was then modified to accept these datasets and then the algorithm

was run.

2.5. Statistical analysis

This is a retrospective study which relies on observational

clinical data. The analysis focused on describing the data relative

to potential mediators of mTBI outcomes or DTI observations,

characterizing prevalence of symptoms and their improvement

during the study, then relating the FA of the entire CC and its

sub-regions to the presence and persistence of the seven symptoms

available in the patient medical charts. To understand differences

in potentially relevant participant sub-populations, comparisons

of mean FA for male/female, loss of consciousness/no loss of

consciousness, and age <40/≥40 yrs were completed via t-test,

and p-values were Bonferroni adjusted to control per-family error

rates within each null hypothesis (Rubin, 2017; Frane, 2021).

The relationship between regional CC FA values and presentation

of post-concussive symptomatology was modeled using logistic

regression (with symptom presence or absence as dependent

variable and FA as a continuous independent variable), and the

coefficient and standard error were used to compute the odds (and

unadjusted 95% confidence interval) of presenting with a symptom

with a 0.01 unit increase in FA. A change of 0.01 represents∼4–5%

of the range in the FA data set (Table 3). The logistic regressions

were also done on subgroups based on age (<40, ≥40) to check

sensitivity of the findings to age using a breakpoint associated with

poorer mTBI recovery and FA.

The association between CC FA values and symptom

persistence was assessed using an interval-censored semi-

parametric Cox proportional hazard model, and (unadjusted)

p-values were generated via an exact log-rank trend test with

999 Monte Carlo replications. Log-rank scores were used to

assess directionality of trends such that positive scores indicate

a positive correlation between larger regional FA values and

faster improvement or resolution of symptoms (Fay, 1999). In

the proportional hazard models, FA was treated as a continuous

variable. To provide more insight to relative effect size, Kaplan-

Meier curves are presented to characterize the symptom longevity

for patients with the FA categorized into tertiles: the upper third

of FA, middle third of FA, and lowest third of FA, by sub-region.

To detect sensitivity to time between date of injury and scan,

sensitivity analyses of FA relative to symptom presence and

longevity were performed on the subset of 402 (90% of the total)

patients with scans conducted in the first year after injury. R

software (v4.0.5) and the “interval” package were used to complete

the data analysis (Fay and Shaw, 2010; Team, 2020).

3. Results

The age of the 446 patients included in the study ranged

from 13 to 82, with median age of 42; 59% were female (Table 2).

The median time between scanning and injury was 100 days

(range 6 to 1,854 days; Table 2). Most (81%) patients were injured

in motor vehicle collisions. The two sexes lost consciousness at

approximately the same rate (males: 56 lost consciousness of 184;

females: 60 of 262; Fisher exact test p= 0.49), and were represented

equally in age groups <40 (112 females, 73 males) and those

≥40 (150 females, 111 males; p = 0.56). Patients <40 (55 lost

consciousness of 185) lost consciousness at approximately the same

rate as those ≥40 (61 lost consciousness of 261; p= 0.15).

The mean FA (standard error; minimum-maximum) for the

total CC was 0.595 (0.001, 0.503–0.698), for the Anterior CC was

0.557 (0.001, 0.484–0.671), for the Mid-Body CC was 0.584 (0.002,

0.450–0.725), for the Posterior CC was 0.637 (0.001, 0.463–0.737).

There were no overall differences in mean FA between female and
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TABLE 2 Subject demographics and details of injury by gender.

Female Male Total

n 262 59% 184 41% 446 100%

Cause of injury

Assault 4 2% 9 5% 13 3%

Fall 23 9% 14 8% 37 8%

Falling object 12 5% 7 4% 19 4%

Miscellaneous 6 2% 4 2% 10 2%

Motor vehicle collision 214 82% 148 80% 362 81%

Unknown 3 1% 2 1% 5 1%

LOC at time of TBI 60 23% 56 30% 116 26%

IQR Range IQR Range IQR Range

Age 42 (29, 53) (13, 82) 43 (32, 54) (16, 80) 42 (31, 53) (13, 82)

Days from injury to scan 93 (50, 175) (6, 1210) 110 (56, 180) (14, 1854) 100 (52, 179) (6, 1854)

n, sample size; LOC, Loss of Consciousness. Median, interquartile range (IQR), and range are reported for age and days of injury to scan.

TABLE 3 Summary of FA by CC region.

Mean FA SE Minimum Maximum Range

Total 0.595 0.001 0.503 0.698 0.195

Anterior 0.557 0.001 0.484 0.671 0.187

Mid-body 0.584 0.002 0.450 0.725 0.275

Posterior 0.637 0.001 0.463 0.737 0.274

Female Male SE t df Adjusted p

Total 0.593 0.598 0.003 −1.9 389 0.26

Anterior 0.556 0.558 0.003 −0.9 409 1.00

Mid−body 0.582 0.586 0.003 −1.4 417 0.64

Posterior 0.635 0.640 0.003 −1.5 395 0.52

No LOC With LOC SE t df Adjusted p

Total 0.594 0.599 0.003 −1.7 189 0.38

Anterior 0.555 0.561 0.003 −1.7 201 0.36

Mid−body 0.582 0.589 0.004 −2.0 196 0.18

Posterior 0.636 0.639 0.003 −0.8 194 1.00

<40 ≥40 SE t df Adjusted p

Total 0.599 0.592 0.002 3.0 404 0.01

Anterior 0.568 0.549 0.003 6.9 389 <0.01

Mid-body 0.589 0.580 0.003 2.9 406 0.01

Posterior 0.639 0.636 0.003 1.1 427 1.00

Mean and pooled standard error (SE) FA values for sex, loss of consciousness (LOC), and age group. The t statistic, degrees of freedom to test group differences, and Bonferroni adjusted (within

each null hypothesis) p-values are also reported. Adjusted p-values below 0.05 are in bold.

male patients or between those who did and did not report LOC

(Table 3). Patients <40 had higher mean FA for the whole CC

and its anterior and mid-body sub-regions compared to patients

≥40 (Table 3). There was no statistical support for a difference

between the two age groups for mean FA in the posterior CC

(Table 3). In support of the decision to analyze sub-regions of

the CC separately, the FA in different regions of the CC were

moderately correlated, with Pearson correlations between 0.35

(anterior CC to posterior CC) and 0.50 (mid-body CC to anterior

CC; Supplementary Table S1). FA values of the total CC were most

strongly correlated with the posterior and mid-body regions (r

= 0.62 with posterior CC, r =0.73 with mid-body CC) which is
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TABLE 4 Prevalence of symptoms and symptom resolution or

improvement by number of patients.

Presentation Improvement

Headache 420 (94%) 178 (42%)

Balance problems 310 (70%) 133 (43%)

Cognitive deficits 325 (73%) 133 (41%)

Fatigue 75 (17%) 13 (17%)

Anxiety 123 (28%) 25 (20%)

Depression 105 (24%) 24 (23%)

Emotional lability 66 (15%) 13 (20%)

The percent occurrence was based on the entire patient population, whereas the percent

for improvement or resolution was based on the number of affected patients for within

each symptom.

generally consistent with the relative size of these regions to the

total CC (Supplementary Table S1).

The most common symptoms patients reported during initial

clinical consultation were headache (94%), balance problems

(70%), and cognitive deficits (73%; Table 4). The most frequently

reported symptoms also had the highest rate of improvement, with

41%−43% of patients reporting resolution or improvement at some

point during clinical consultation. Anxiety (28%) and depression

(24%) were less frequently reported, and less likely to improve

(20% and 23% respectively) while fatigue (17%) and emotional

lability (15%) were the least common symptoms and also unlikely

to improve (17% and 20%, respectively).

Across all patients, there was no evidence that FA of the entire

CC or its sub-regions was related to the presence of any of the seven

clinically assessed post-concussive symptoms (Table 5). When age

groups were examined separately, there was an association between

low FA in the posterior CC and balance problems in patients aged

40 and over (Supplementary Table S2).

The FA of the entire CC and its sub-regions had prognostic

value for persistence of certain symptoms. Patients with FA values

in the higher tertile for the total CC (p = 0.01), mid-body CC

(p = 0.03), and anterior CC (p < 0.01) recovered significantly

faster from post-concussive cognitive deficits relative to the lowest

tertile (Table 6; Figure 2). There was no association between FA in

the posterior CC and longevity of cognitive symptoms (p = 0.91;

Table 6, Figure 2). However, patients with FA in the posterior CC

that was in the lower tertile had slower symptom improvement or

resolution compared to the highest FA tertile for post concussive

depression (p = 0.04) and emotional lability (p = 0.01; Table 6;

Figures 3, 4). There was no statistical evidence that FA of the CC

or its regions predicted the longevity of headache, balance, fatigue,

or anxiety symptoms (Table 6).

Sensitivity analyses of FA of the CC relative to symptom

presence/longevity on a subset (n = 402) of patients yielded

the same conclusions as analyses involving the full data set

(Supplementary Tables S3, S4). The most notable exception was

that the relationship between posterior CC FA and longevity of

depression symptoms had weaker statistical support (p = 0.04

with the full data set compared to p = 0.09 for the 1-year scan

subset), although the score statistics were approximately the same

in magnitude (0.24 with the full data set compared to 0.29 for the

1-year scan subset; Table 6, Supplementary Table S4).

4. Discussion

This study is concordant with others reporting significant

associations between mTBI and white matter diffusion properties

of the CC (Jokinen et al., 2007; Aoki et al., 2012; Iraji et al.,

2016; Khong et al., 2016). FA in the CC was not related to

the presence of particular mTBI symptoms. The FA in the CC

was related to the resolution or improvement of some of the

common mTBI symptoms, such as cognitive deficits, depression,

and emotional lability. Despite the large sample size and associated

high statistical power relative to other studies, this study found

no evidence that FA of the CC or its sub-regions can, when used

alone, provide prognostic information for persistence of headache,

balance problems, fatigue, or anxiety in a population of people who

have experienced mTBI. This result does not exclude the use of FA

of the CC as part of a multivariate data set to improve predictive

power (e.g., Iraji et al., 2016).

4.1. Age

Given the lower mean FA in patients ≥40 compared to those

<40, there is the potential of confounding between age and FA,

particularly in light of notable parallels between this study (looking

at FA in the CC) and previous work involving a subset of the

patients in this study (250 mTBI patients) (Vanier et al., 2020).

Vanier et al. (2020) found associations between age and symptom

presence and persistence and found that older patients (≥40)

were more likely to present with balance symptoms. In this study,

presentation of balance problems was related to low FA in the

posterior CC, only within the group of patients ≥40. The low FA

in the posterior CC (splenium) after mTBI may therefore provide

additional indications regarding balance symptom presentation in

patients ≥40. For symptom persistence, in the previous study,

cognitive deficits in patients≥40 were slower to improve or resolve.

In this study, patients with lower FA in the total/anterior/mid-

body CC had more persistent cognitive symptoms. The expected

parallels between the two studies is based on previous studies,

which report lower FA (Ilvesmäki et al., 2014) and slower recovery

from mTBI (Chiang et al., 2016) in older participants. The parallel

between the two study results is not perfect; there are also some

symptoms for which age-related patterns and FA-related patterns

were not similar. For example, patients ≥40 had longer persistence

of headache in Vanier et al., but this study found no relationship

between headache persistence and FA in the CC.

The FA in the CC appeared in some cases to augment the

prognostic information provided by age. It remains to be tested

whether age-related delays in recovering from mTBI may be at

least partly driven by FA in the CC or its sub-regions. This is

a tentative conclusion based on indirect evidence, as it was not

possible to directly address the hypothesis in the statistical analysis

of symptom persistence, given the sample sizes that resulted from

splitting the data set into age groups and the relatively large number

of unimproved or unresolved cases. Within extant literature, age

has been associated with prolonged recovery time post-mTBI (Katz

et al., 2004; Chiang et al., 2016; Erlebach et al., 2017). Further

study is required to separate age-related differences in symptom
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TABLE 5 Symptom presence relative to FA of corpus callosum regions.

Symptom CC region Estimate SE Odds 95% Confidence interval

Headache

Total 0.07 0.08 1.07 0.92, 1.24

Anterior 0.02 0.07 1.02 0.89, 1.17

Mid-body 0.03 0.06 1.03 0.92, 1.16

Posterior −0.04 0.07 0.96 0.84, 1.09

Balance

Total −0.06 0.04 0.94 0.87, 1.02

Anterior −0.07 0.04 0.93 0.87, 1.00

Mid-body −0.04 0.03 0.96 0.90, 1.02

Posterior −0.07 0.03 0.93 0.87, 1.00

Cognitive

Total −0.03 0.04 0.97 0.89, 1.05

Anterior −0.05 0.04 0.95 0.88, 1.02

Mid-body −0.01 0.03 0.99 0.93, 1.05

Posterior −0.02 0.03 0.98 0.92, 1.05

Fatigue

Total −0.03 0.05 0.97 0.89, 1.07

Anterior −0.05 0.04 0.95 0.87, 1.04

Mid-body −0.02 0.04 0.98 0.91, 1.05

Posterior −0.01 0.04 0.99 0.91, 1.07

Anxiety

Total 0.01 0.04 1.01 0.94, 1.10

Anterior 0.02 0.04 1.02 0.95, 1.09

Mid-body 0.01 0.03 1.01 0.96, 1.08

Posterior 0.01 0.03 1.01 0.94, 1.08

Depression

Total 0.00 0.04 1.00 0.92, 1.09

Anterior 0.02 0.04 1.02 0.94, 1.09

Mid-body −0.02 0.03 0.98 0.92, 1.05

Posterior −0.02 0.04 0.98 0.92, 1.05

Emotional lability

Total −0.05 0.05 0.95 0.86, 1.05

Anterior −0.02 0.05 0.98 0.89, 1.07

Mid-body −0.02 0.04 0.98 0.91, 1.06

Posterior −0.01 0.04 0.99 0.91, 1.08

The logistic regression coefficient (estimate) and its standard error (SE) are shown, and the change in odds (and 95% confidence interval) of presenting with a symptom associated with a 0.01

unit increase in CC region FA is also provided.

appearance and persistence from the less established association

between FA in the CC and symptom appearance and persistence.

Chronic medical conditions are known to impact FA values, with

greater prevalence of these conditions in the elderly. Certain

pathologies, such as diabetes and hypertension, may be present

among patients studied here (Hannawi et al., 2018; Huang et al.,

2021).

4.2. Cognition

This study corroborates the results of others in reporting

an association between low FA in anterior/mid-body sub-regions

and the persistence of post-concussive cognitive symptoms in

TBI (Wallace et al., 2018). In contrast, there were not significant

associations between decreased FA and presentation of cognitive
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TABLE 6 Symptom longevity relative to FA of corpus callosum regions.

Percent participants with resolved symptoms

6 months after injury 12 months after injury

Symptom p-value p-value CI Score
Statistic

Lower
1/3

Middle
1/3

Upper
1/3

Lower
1/3

Middle
1/3

Upper
1/3

Headache (n = 420)

Total 0.83 0.75 0.91 0.08 48 45 47 64 52 55

Anterior 0.43 0.36 0.49 0.29 45 47 46 59 58 54

Mid-body 0.50 0.43 0.57 0.30 39 61 45 57 63 51

Posterior 0.74 0.66 0.82 0.14 44 50 50 63 54 55

Balance (n = 310)

Total 0.56 0.49 0.64 −0.16 47 48 42 66 52 49

Anterior 0.90 0.81 0.98 −0.07 41 54 40 59 62 45

Mid-body 0.42 0.35 0.49 0.30 38 54 47 55 69 54

Posterior 0.45 0.39 0.52 0.28 46 47 46 60 54 51

Cognitive (n = 325)

Total 0.01 <0.01 0.03 0.73 37 36 59 54 44 64

Anterior <0.01 <0.01 0.01 0.95 34 53 49 54 57 55

Mid-body 0.03 0.02 0.06 0.77 36 54 44 47 63 54

Posterior 0.91 0.83 0.99 0.05 42 31 51 64 46 56

Fatigue (n = 75)

Total 0.10 0.07 0.14 0.13

Anterior 0.50 0.43 0.57 0.06

Mid-body 0.86 0.78 0.94 0.01

Posterior 0.07 0.04 0.11 0.20

Anxiety (n = 123)

Total 0.14 0.10 0.19 0.18

Anterior 0.53 0.46 0.60 0.10

Mid-body 0.14 0.10 0.18 0.23

Posterior 0.15 0.11 0.20 0.20

Depression (n = 105)

Total 0.17 0.13 0.22 0.17

Anterior 0.20 0.16 0.26 0.17

Mid-body 0.35 0.29 0.42 0.16

Posterior 0.04 0.02 0.06 0.29

Emotional lability (n = 66)

Total 0.09 0.06 0.13 0.15

Anterior 0.18 0.13 0.23 0.13

Mid-body 0.11 0.07 0.15 0.19

Posterior 0.01 <0.01 0.03 0.26

The permutation-based p-value and its 95% confidence interval (ci), and log rank score statistics are provided for each combination of region and symptom. The rows with a p-value <0.05 are

in bold. P-values were not adjusted for multiple comparisons. For tertiles with sample size >15, the percent of participants with resolved symptoms is reported at 6 months and 12 months,

based on Turnbull intervals.

symptoms, as reported elsewhere (Wallace et al., 2018). The

cognitive diagnostics included in this study used the broadest

available definition of cognitive problems, so results can only be

qualitatively compared to, for example, a meta-analysis identifying

CC DTI associations in all 7 cognitive domain subsets (Wallace

et al., 2018).
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FIGURE 2

Kaplan-Meier survival curve showing the longevity of post-concussive cognitive deficits for patients in the upper (highest FA), middle, and lower

(smallest FA) third of CC FA values, total and by region as indicated. The Y-axis is the percent of patients reporting symptom persistence at a given

time point post-injury. Supporting statistics in Table 5.

The posterior CC (splenium) has been well-described as a white

matter region that is vulnerable to trauma (Rutgers et al., 2008).

Other studies have identified significant associations between

cognitive symptomatology and reduced FA in the splenium

(Nakayama et al., 2006; Matsushita et al., 2011); this study did not.

An important distinction between this study and others is that this

is a longitudinal study which consisted entirely of mTBI patients,

while the other studies compared patients who experienced mTBI

to those who had not. It is therefore possible that low FA in

posterior CC is associated with mTBI, but not specifically with

cognitive symptoms.

4.3. Headache, balance

The appearance or persistence of several of the symptoms

considered in this study were not correlated with FA in the CC or

its subregions. This overall finding is similar to the results reported

by Lange et al., who found no differences in FA between groups

of mTBI-affected individuals who did (n = 20) or did not (n =

52) have post-concussion syndrome as defined by ICD-10 criteria

(Lange et al., 2015).

Similar to cognitive symptoms, there are other symptoms

which are multifaceted and may not easily be simplified to one
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FIGURE 3

Kaplan-Meier survival curve showing the longevity of post-concussive emotional lability for patients in the upper (highest FA), middle, and lower

(smallest FA) third for total and posterior CC FA, as indicated. Details as in Figure 2.

FIGURE 4

Kaplan-Meier survival curve showing the longevity of

post-concussive depression for patients in the upper (highest FA),

middle, and lower (smallest FA) third for posterior CC FA, as Figure 2.

variable as in the current study. Headache is a very common

complaint after mTBI, but this study found no evidence that

headache appearance or persistence were correlated with FA of

the CC or its sub-regions. This result is not in agreement with

another study which compared mTBI-affected patients with (n =

58) and without (n = 17) migraines (Alhilali et al., 2017). They

reported lower FA in the CC for patients with migraine, and they

found a positive relationship between CC FA and time to recovery

from headache. The disparity between Alhilali et al. (2017) and this

study may be related to their focus on migraine headaches as more

strictly defined by the international headache society which they

distinguished from post concussive headaches and other headaches.

There do not appear to be any other studies that report any

findings related to FA in the CC studying the specific symptom of

balance/dizziness, other than the inclusion of dizziness in the list of

possible symptoms of PCS. In this study, we found no evidence to

support a link between FA in the CC and presence or persistence of

balance problems except in the subgroup of patients ≥40 years old

in the posterior CC.

4.4. Depression, anxiety, emotional lability,
fatigue

Lower FA values in the posterior CC of patients withmTBI were

predictive of persistent depression post-mTBI. Post-concussive

depression is well-documented in the mTBI literature (Deb et al.,

1999; McMahon et al., 2014), but has not been previously linked

to changes in white matter diffusion as measured in DTI. There

has been previous work linking post-mTBI depression and volume

in the posterior CC; based on 435 persons with depressed

behaviors, reduced volume of the posterior CC was associated

with suicidal attempts compared to controls (Cyprien et al.,

2011).

This study also found an association between FA values

in the posterior CC and persistence of post-mTBI emotional

lability. Emotional lability, while rare in the aftermath of mTBI,

has been previously described in a pediatric population (Vasa

et al., 2015). However, there appears to be a vacuum in the
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literature regarding how quantitative imaging may relate to post-

concussive emotional changes. There is theoretical support for

CC function with emotional lability. For example, a review of

DTI studies in patients with borderline personality disorder,

a condition in which emotional lability is a well-documented

feature, found lower FA values in the CC (Sagarwala and Ha,

2020).

There do not appear to be any other studies that report

any findings related to FA in the CC and the specific

symptom of fatigue or anxiety in mTBI patients beyond

the inclusion of related symptoms in the diagnosis of PCS.

However, a recent review of DTI correlates of psychiatric

conditions suggested that reduced FA in the CC could be

functionally related to anxiety-related disorders (Podwalski et al.,

2021).

4.5. Date of scan after injury

Most of the existing literature includes individuals who were

scanned 12 months or less after injury, although there is one

retrospective study which included patients whose mTBI was

between one month to 45 years before the scan (Gonzalez et al.,

2021b). It was therefore a possibility that date of scan relative to

date of injury could impact the relationship between symptom

presence or longevity and FA of the CC. In the sensitivity

analysis to test this possibility, there was no evidence that

including scans more than 12 months after the injury altered the

findings of this study. Although damage from TBI is generally

considered to be permanent, there is some evidence that FA

may partially improve in the early chronic phase of mTBI, with

corresponding improvements in functional outcomes (Lindsey

et al., 2021).

5. Study limitations

The interpretation of the findings is limited by the retrospective

observational study design, which is dependent on regular

patient visits to assess symptom status. It is a strength of the

study that a relatively large population of mTBI patients were

included, which allows for heterogeneity within the injured

population. The inclusion criteria make it impossible to know

if the findings would also be relevant to populations of

patients who do not have mTBI. The patients in the study

were in litigation, so there may have been some motivation

to report prolonged experience of symptoms and possibly

impact mechanism. Cognitive symptoms were defined broadly

and not subcategorized into any of the 7 cognitive domains

(Wallace et al., 2018), nor were other multifaceted outcomes,

such as headache, subcategorized. To avoid excessive right-

censoring of clinical data, no differentiation was made between

symptom resolution and improvement when defining symptom

survival time.

As discussed above, the primary limitation of this study

is that both DTI metrics and clinical outcomes in mTBI are

known to be age-dependent (Jacobs et al., 2010; Sexton et al.,

2014; Yue et al., 2019). It cannot be ruled out that changes in

FA due to age or the comparatively increased rate of chronic

disease in the elderly played a role in the results. However,

while known to affect diffusion metrics, age has also been

shown to function as an independent predictor of poor clinical

outcomes post-mTBI (Vanier et al., 2020). Additional case control

studies are needed to assess the extent to which diffusion

metrics differentially predict outcomes in mTBI between older

and younger patient populations. Finally, our image acquisition

and processing protocol, manufacturer-specific differences in

imaging equipment, and inherent subject-level neuroanatomic

variation may impact FA values. Crossing of white matter fibers,

while known to impact diffusion metrics, should not produce

significant effects in DTI of the CC alone (Figley et al., 2022).

Lastly, the ComBat harmonization of DTI parameters, while

well-supported by the literature, is not without controversy,

and diffusion metrics may differ if processed with an alternate

harmonization technique (i.e., residuals and phenotype-adjusted

residuals). Lastly, mechanism of injury and force direction were

not analyzed.

6. Conclusion

In a large, diverse mTBI civilian population assessed

for 7 common distinct TBI symptoms, higher FA values

predicted improved outcomes in patients presenting with

post concussive cognitive defects, depression, and emotional

lability. In patients with cognitive symptoms this association

was present in the anterior, mid-body and total CC sub-

regions, but not the posterior CC. This study adds to

the growing body of scientific literature highlighting

ability of DTI to supplement existing clinical assessments

of mTBI symptomatology, particularly in the area of

cognitive deficits.

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary material, further inquiries can be

directed to the corresponding authors.

Ethics statement

The studies involving humans were approved by

Touro University Nevada College of Medicine IRB.

The studies were conducted in accordance with the

local legislation and institutional requirements. Written

informed consent for participation was not required from

the participants or the participants’ legal guardians/next

of kin in accordance with the national legislation and

institutional requirements.

Author contributions

AA, TK, AR, SP, TS, LG, and EF contributed to conception

and design of the study. Clinical symptomatic data was transcribed

Frontiers inNeuroimaging 12 frontiersin.org

https://doi.org/10.3389/fnimg.2023.1153115
https://www.frontiersin.org/journals/neuroimaging
https://www.frontiersin.org


Asturias et al. 10.3389/fnimg.2023.1153115

and codified by TK, CL, BB, ME, RG, LZ, and AN. Diffusion

imaging data was processed and harmonized by AA. AA, TK, and

AR cleaned and organized combined imaging/clinical datasets. CV

performed the statistical analysis. AA and TKwrote the first draft of

the manuscript. CV, SA, and TS wrote sections of the manuscript.

All authors contributed to manuscript revision, read, and approved

the submitted version.

Acknowledgments

We would like to thank and acknowledge the students and

faculty members of the Touro University Nevada College of

OsteopathicMedicine for their support and assistance in producing

this study.

Conflict of interest

SA and TS were employed by company HCA Healthcare.

AA, TK, AR, CV, and TS were employed by company

Imgen Research Group. LG was employed by company

Clinical Neurology Specialists. TS was employed by company

SimonMed Imaging.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fnimg.2023.

1153115/full#supplementary-material

References

Alhilali, L. M., Delic, J., and Fakhran, S. (2017). Differences in callosal and
forniceal diffusion between patients with and without postconcussive migraine. Am.
J. Neuroradiol. 38, 691–95. doi: 10.3174/ajnr.A5073

American Psychiatric Association (2013). Diagnostic and Statistical Manual of
Mental Disorders. Washington DC: American Psychiatric Association.

Aoki, Y., Inokuchi, R., Gunshin, M., Yahagi, N., and Suwa, H. (2012).
Diffusion tensor imaging studies of mild traumatic brain injury: a meta-
analysis. J. Neurol. Neurosurg. Psychiatry 83, 870–6. doi: 10.1136/jnnp-2012-
302742

Arfanakis, K., Cordes, D., Haughton, V. M., Carew, J. D., and Meyerand, M. E.
(2002). Independent component analysis applied to diffusion tensorMRI.Magn. Reson.
Med. 47, 354–363. doi: 10.1002/mrm.10046

Bahrami, N., Sharma, D., Rosenthal, S., Davenport, E. M., Urban, J. E., Wagner,
B., et al. (2016). Subconcussive head impact exposure and white matter tract changes
over a single season of youth football. Radiology 281, 919–26. doi: 10.1148/radiol.2016
160564

Beer, J. C., Tustison, N. J., Cook, P. A., Davatzikos, C., Sheline, Y.
I., Shinohara, R. T., et al. (2020). Longitudinal ComBat: A method for
harmonizing longitudinal multi-scanner imaging data. Neuroimage 220, 117129.
doi: 10.1016/j.neuroimage.2020.117129

Chiang, C. C., Guo, S. E., Huang, K. C., Lee, B. O., and Fan, J. Y. (2016). Trajectories
and associated factors of quality of life, global outcome, and post-concussion symptoms
in the first year following mild traumatic brain injury. Qual. Life Res. 25, 2009–19.
doi: 10.1007/s11136-015-1215-0

Cubon, V. A., Putukian, M., Boyer, C., and Dettwiler, A. (2011). A diffusion
tensor imaging study on the white matter skeleton in individuals with sports-related
concussion. J. Neurotrauma 28, 189–201. doi: 10.1089/neu.2010.1430

Cyprien, F., Courtet, P., Malafosse, A., Maller, J., Meslin, C., Bonafé, A., et al. (2011).
Suicidal behavior is associated with reduced corpus callosum area. Biolog. Psychiatry 70,
320–26. doi: 10.1016/j.biopsych.2011.02.035

Deb, S., Lyons, I., Koutzoukis, C., Ali, I., and McCarthy, G. (1999). Rate of
psychiatric illness 1 year after traumatic brain injury. Am. J. Psychiatry 156, 374–78.
doi: 10.1176/ajp.156.3.374

Erlebach, R., Pagnamenta, A., Klinzing, S., Stretti, F., Cottini, S., Schupbach, R., et al.
(2017). Age-related outcome of patients after traumatic brain injury: a single-center
observation.Minerva Anestesiol. 83, 1169–77. doi: 10.23736/S0375-9393.17.11837-7

Fabri, M., and Polonara, G. (2013). Functional topography of human
corpus callosum: an FMRI mapping study. Neural Plast 2013, 251308.
doi: 10.1155/2013/251308

Fay, M. P. (1999). Comparing several score tests for interval censored data.
Stat. Med. 18, 273–85. doi: 10.1002/(SICI)1097-0258(19990215)18:3&lt;273::AID-
SIM19&gt;3.0.CO;2-7

Fay, M. P., and Shaw, P. A. (2010). Exact and asymptotic weighted logrank
tests for interval censored data: the interval R package. J. Stat. Softw. 36, 2.
doi: 10.18637/jss.v036.i02

Figley, C. R., Uddin, M. N., Wong, K., Kornelsen, J., Puig, J., and Figley, T. D.
(2022). Potential pitfalls of using fractional anisotropy, axial diffusivity, and radial
diffusivity as biomarkers of cerebral white matter microstructure. Front. Neurosci. 15,
1855. doi: 10.3389/fnins.2021.799576

Fortin, J. P., Parker, D., Tunç, B., Watanabe, T., Elliott, M. A., Ruparel, K., et al.
(2017). Harmonization of multi-site diffusion tensor imaging data. Neuroimage 161,
149–70. doi: 10.1016/j.neuroimage.2017.08.047

Frane, A. V. (2021). Experiment-wise type I error control: a focus on
2 × 2 designs. Adv. Methods Pract. Psychol. Sci. 4, 2515245920985137.
doi: 10.1177/2515245920985137

Gómez, P. A., Lobato, R. D., Ortega, J. M., and De La Cruz, J.. (1996). Mild head
injury: differences in prognosis among patients with a Glasgow Coma Scale score of 13
to 15 and analysis of factors associated with abnormal CT findings. Br. J. Neurosurg. 10,
453–60. doi: 10.1080/02688699647078

Gonzalez, A. C., Kim, M., Keser, Z., Ibrahim, L., Singh, S. K., Ahmad, M. J.,
et al. (2021a). Diffusion tensor imaging correlates of concussion related cognitive
impairment. Front. Neurol. 12, 639179. doi: 10.3389/fneur.2021.639179

Gonzalez, A. C., Kim, M., Keser, Z., Ibrahim, L., Singh, S. K., Ahmad, M. J.,
et al. (2021b). Diffusion tensor imaging correlates of concussion related cognitive
impairment. Front Neurol. 12, 777.

Haines, D. E., and Ard, M. D. (2013). Fundamental Neuroscience for Basic and
Clinical Applications. Fourth ed. Philadelphia, PA: Elsevier/Saunders. Available online
at: http://www.clinicalkey.com/dura/browse/bookChapter/3-s2.0-C20090456022
(accessed October 12, 2023).

Hannawi, Y., Yanek, L. R., Kral, B. G., Vaidya, D., Becker, L. C., Becker,
D. M., et al. (2018). Hypertension is associated with white matter disruption in
apparently healthy middle-aged individuals. AJNR Am. J. Neuroradiol. 39, 2243–48.
doi: 10.3174/ajnr.A5871

Hayes, J. P., Miller, D. R., Lafleche, G., Salat, D. H., and Verfaellie, M. (2015).
The nature of white matter abnormalities in blast-related mild traumatic brain injury.
Neuroimage Clin. 8, 148–56. doi: 10.1016/j.nicl.2015.04.001

Ho, M. L., Moonis, G., Ginat, D. T., and Eisenberg, R. L. (2013). Lesions of the
corpus callosum. Am. J. Roentgenol. 200, W1–W16. doi: 10.2214/AJR.11.8080

Frontiers inNeuroimaging 13 frontiersin.org

https://doi.org/10.3389/fnimg.2023.1153115
https://www.frontiersin.org/articles/10.3389/fnimg.2023.1153115/full#supplementary-material
https://doi.org/10.3174/ajnr.A5073
https://doi.org/10.1136/jnnp-2012-302742
https://doi.org/10.1002/mrm.10046
https://doi.org/10.1148/radiol.2016160564
https://doi.org/10.1016/j.neuroimage.2020.117129
https://doi.org/10.1007/s11136-015-1215-0
https://doi.org/10.1089/neu.2010.1430
https://doi.org/10.1016/j.biopsych.2011.02.035
https://doi.org/10.1176/ajp.156.3.374
https://doi.org/10.23736/S0375-9393.17.11837-7
https://doi.org/10.1155/2013/251308
https://doi.org/10.1002/(SICI)1097-0258(19990215)18:3&lt
https://doi.org/10.18637/jss.v036.i02
https://doi.org/10.3389/fnins.2021.799576
https://doi.org/10.1016/j.neuroimage.2017.08.047
https://doi.org/10.1177/2515245920985137
https://doi.org/10.1080/02688699647078
https://doi.org/10.3389/fneur.2021.639179
http://www.clinicalkey.com/dura/browse/bookChapter/3-s2.0-C20090456022
https://doi.org/10.3174/ajnr.A5871
https://doi.org/10.1016/j.nicl.2015.04.001
https://doi.org/10.2214/AJR.11.8080
https://www.frontiersin.org/journals/neuroimaging
https://www.frontiersin.org


Asturias et al. 10.3389/fnimg.2023.1153115

Huang, L., Zhang, Q., Tang, T., Yang, M., Chen, C., Tao, J., et al. (2021).
Abnormalities of brain white matter in type 2 diabetes mellitus: a meta-
analysis of diffusion tensor imaging. Front. Aging Neurosci. 13, 693890.
doi: 10.3389/fnagi.2021.693890

Hulkower, M. B., Poliak, D. B., Rosenbaum, S. B., Zimmerman, M. E., and Lipton,
M. L. (2013). A decade of DTI in traumatic brain injury: 10 years and 100 articles later,
AJNR Am. J. Neuroradiol. 34, 2064–74. doi: 10.3174/ajnr.A3395

Ilvesmäki, T., Luoto, T. M., Hakulinen, U., Brander, A., Ryymin, P., Eskola, H., et al.
(2014). Acute mild traumatic brain injury is not associated with white matter change
on diffusion tensor imaging. Brain 137, 1876–82. doi: 10.1093/brain/awu095

Iraji, A., Chen, H., Wiseman, N., Zhang, T., Welch, R., O’Neil, B., et al.
(2016). Connectome-scale assessment of structural and functional connectivity in
mild traumatic brain injury at the acute stage. Neuroimage Clin. 12, 100–15.
doi: 10.1016/j.nicl.2016.06.012

Jacobs, B., Beems, T., Stulemeijer, M., van Vugt, A. B., van der Vliet, T. M., Borm,
G. F., et al. (2010). Outcome prediction in mild traumatic brain injury: age and clinical
variables are stronger predictors than CT abnormalities. J. Neurotrauma 27, 655–68.
doi: 10.1089/neu.2009.1059

Johnson, W. E., Li, C., and Rabinovic, A. (2007). Adjusting batch effects in
microarray expression data using empirical Bayes methods. Biostatistics 8, 118–27.
doi: 10.1093/biostatistics/kxj037

Jokinen, H., Ryberg, C., Kalska, H., Ylikoski, R., Rostrup, E., Stegmann, M. B,
et al. (2007). Corpus callosum atrophy is associated with mental slowing and executive
deficits in subjects with age-related white matter hyperintensities: the LADIS study. J.
Neurol. Neurosurg. Psychiatry 78, 491–96. doi: 10.1136/jnnp.2006.096792

Jones, C., Harasym, J., Miguel-Cruz, A., Chisholm, S., Smith-MacDonald, L., and
Brémault-Phillips, S. (2021). Neurocognitive assessment tools for military personnel
with mild traumatic brain injury: scoping literature review. JMIR Ment. Health 8,
e26360. doi: 10.2196/26360

Katz, D. I., White, D. K., Alexander, M. P., and Klein, R. B. (2004). Recovery
of ambulation after traumatic brain injury. Arch. Phys. Med. Rehabil. 85, 865–9.
doi: 10.1016/j.apmr.2003.11.020

Kazl, C., and Torres, A. (2019). “Definition, classification, and epidemiology
of concussion,” in Seminars in Pediatric Neurology. (Elsevier) (pp. 9-13).
doi: 10.1016/j.spen.2019.03.003

Khong, E., Odenwald, N., Hashim, E., and Cusimano,M. D. (2016). Diffusion tensor
imaging findings in post-concussion syndrome patients after mild traumatic brain
injury: a systematic review. Front Neurol. 7, 156. doi: 10.3389/fneur.2016.00156

King, A. I., Ruan, J. S., Zhou, C., Hardy, W. N., and Khalil, T. B. (1995). Recent
advances in biomechanics of brain injury research: a review. J. Neurotrauma 12,
651–58. doi: 10.1089/neu.1995.12.651

Koerte, I. K., Hufschmidt, J., Muehlmann, M., Lin, A. P., and Shenton, M. E. (2016).
“Advanced neuroimaging of mild traumatic brain injury,” in eds D. Laskowitz and G.
Grant, Translational Research in Traumatic Brain Injury (FL: Boca Raton).

Kumar, R., Gupta, R. K., Husain, M., Chaudhry, C., Srivastava, A., Saksena, S., et al.
(2009). Comparative evaluation of corpus callosum DTI metrics in acute mild and
moderate traumatic brain injury: its correlation with neuropsychometric tests. Brain
Inj. 23, 675–85. doi: 10.1080/02699050903014915

Lange, R. T., Panenka, W. J., Shewchuk, J. R., Heran, M. K., Brubacher, J. R.,
Bioux, S., et al. (2015). Diffusion tensor imaging findings and postconcussion symptom
reporting 6 weeks following mild traumatic brain injury. Arch. Clin. Neuropsychol. 30,
7–25. doi: 10.1093/arclin/acu060

Lei-Rivera, L., Sutera, J., Galatioto, J. A., Hujsak, B. D., and Gurley, J. M. (2013).
Special tools for the assessment of balance and dizziness in individuals with mild
traumatic brain injury. NeuroRehabilitation 32, 463–72. doi: 10.3233/NRE-130869

Lindsey, H. M., Hodges, C. B., Greer, K. M., Wilde, E. A., and Merkley, T. L. (2021).
Diffusion-weighted imaging in mild traumatic brain injury: a systematic review of the
literature. Neuropsychol. Rev. 3, 5. doi: 10.1007/s11065-021-09485-5

Lipton, M. L., Kim, N., Park, Y. K., Hulkower, M. B., Gardin, T. M., Shifteh, K., et al.
(2012). Robust detection of traumatic axonal injury in individual mild traumatic brain
injury patients: intersubject variation, change over time and bidirectional changes in
anisotropy. Brain Imaging Behav. 6, 329–42. doi: 10.1007/s11682-012-9175-2

Matsushita, M., Hosoda, K., Naitoh, Y., Yamashita, H., and Kohmura, E. (2011).
Utility of diffusion tensor imaging in the acute stage of mild to moderate traumatic
brain injury for detecting white matter lesions and predicting long-term cognitive
function in adults. J. Neurosurg. 115, 130–39. doi: 10.3171/2011.2.JNS101547

McCrory, P., Meeuwisse, W. H., Aubry, M., Cantu, R. C., Dvorák, J., Echemendia,
R. J., et al. (2013). Consensus statement on concussion in sport: the 4th international
conference on concussion in sport held in Zurich, November 2012. Br. J. Sports Med.
47, 250–8. doi: 10.1136/bjsports-2013-092313

McMahon, P., Hricik, A., Yue, J. K., Puccio, A. M., Inoue, T., Lingsma, H.
F., et al. (2014). Symptomatology and functional outcome in mild traumatic brain
injury: results from the prospective TRACK-TBI study. J. Neurotrauma 31, 26–33.
doi: 10.1089/neu.2013.2984

Menon, D. K., Schwab, K., Wright, D. W., and Maas, A. I. (2010). Position
statement: definition of traumatic brain injury. Arch. Phys. Med. Rehabil. 91, 1637–40.
doi: 10.1016/j.apmr.2010.05.017

Nakayama, N., Okumura, A., Shinoda, J., Yasokawa, Y. T., Miwa, K., Yoshimura,
S. I., and Iwama, T. (2006). Evidence for white matter disruption in traumatic brain
injury without macroscopic lesions. J. Neurol. Neurosurg. Psychiatry 77, 850–55.
doi: 10.1136/jnnp.2005.077875

Narayana, P. A. (2017). White matter changes in patients with mild traumatic brain
injury: MRI perspective. Concussion 2, 28. doi: 10.2217/cnc-2016-0028

Onicas, A. I., Ware, A. L., Harris, A. D., Beauchamp, M. H., Beaulieu, C., Craig,
W. (2022). Multisite harmonization of structural DTI networks in children: an A-CAP
Study. Front. Neurol. 13, 642. doi: 10.3389/fneur.2022.850642

Organization World Health (1993). The ICD-10 Classification of Mental
and Behavioral Disorders: Diagnostic Criteria for Research. Geneva: World
Health Organization.

Palacios, E. M., Yuh, E. L., Mac Donald, C. L., Bourla, I., Wren-Jarvis, J.,
Sun, X., et al. (2022). Diffusion tensor imaging reveals elevated diffusivity of white
matter microstructure that is independently associated with long-term outcome after
mild traumatic brain injury: a TRACK-TBI study. J. Neurotrauma 39, 1318–1328.
doi: 10.1089/neu.2021.0408

Podwalski, P., Szczygieł, K., Tyburski, E., Sagan, L., Misiak, B., and Samochowiec,
J. (2021). Magnetic resonance diffusion tensor imaging in psychiatry: a
narrative review of its potential role in diagnosis. Pharmacol. Reports 73, 43–56.
doi: 10.1007/s43440-020-00177-0

Pozzato, I., Meares, S., Kifley, A., Craig, A., Gillett, M., Van Vu, K., et al.
(2020). Challenges in the acute identification of mild traumatic brain injuries:
results from an emergency department surveillance study. BMJ Open 10, e034494.
doi: 10.1136/bmjopen-2019-034494

Rajesh, A., Cooke, G. E., Monti, J. M., Jahn, A., Daugherty, A. M., Cohen, N. J., and
Kramer, A. F. (2017). Differences in brain architecture in remote mild traumatic brain
injury. J. Neurotrauma 34, 3280–87. doi: 10.1089/neu.2017.5047

Rubin, M. (2017). Do p-values lose their meaning in exploratory analyses? It
depends how you define the familywise error rate. Rev. Gen. Psychol. 21, 269–75.
doi: 10.1037/gpr0000123

Ruff, R. M., Camenzuli, L., and Mueller, J. (1996). Miserable minority: emotional
risk factors that influence the outcome of a mild traumatic brain injury. Brain Inj. 10,
551–65. doi: 10.1080/026990596124124

Rutgers, D. R., Fillard, P., Paradot, G., Tadie, M., Lasjaunias, P., Ducreux, D.,
et al. (2008). Diffusion tensor imaging characteristics of the corpus callosum in mild,
moderate, and severe traumatic brain injury. AJNR Am. J. Neuroradiol. 29, 1730–5.
doi: 10.3174/ajnr.A1213

Sagarwala, R., and Ha, N. (2020). White matter pathology in patients with
borderline personality disorder: a review of controlled DTI studies. Ann. Clin.
Psychiatry 32, 281–86. doi: 10.12788/acp.0001

Sexton, C. E., Walhovd, K. B., Storsve, A. B., Tamnes, C. K., Westlye, L. T.,
Johansen-Berg, H., et al. (2014). Accelerated changes in white matter microstructure
during aging: a longitudinal diffusion tensor imaging study. J. Neurosci. 34, 15425–36.
doi: 10.1523/JNEUROSCI.0203-14.2014

Silver, J. M., McAllister, T. W., and Yudofsky, S. C. (2005). Textbook of Traumatic
Brain Injury. Arlington, VA: American Psychiatric Publishing, Inc.

Tae, W. S., Ham, B. J., Pyun, S. B., Kang, S. H., and Kim, B. J. (2018). Current clinical
applications of diffusion-tensor imaging in neurological disorders. J. Clin. Neurol. 14,
129–40. doi: 10.3988/jcn.2018.14.2.129

Tator, C. H. (2013). Concussions and their consequences: current diagnosis,
management and prevention, CMAJ: Canadian Medical Association journal =

journal de lAssociation medicale canadienne 185, 975–79. doi: 10.1503/cmaj.12
0039

Team, R. (2020). Core 2020, R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical Computing, R-project.org

Tisserand, D. J., Stanisz, G., Lobaugh, N., Gibson, E., Li, T., Black, S. E., et al. (2006).
Diffusion tensor imaging for the evaluation of white matter pathology in traumatic
brain injury. Brain Cogn. 60, 216–217.

Toth, A., Kovacs, N., Perlaki, G., Orsi, G., Aradi, M., Komaromy, H., et al.
(2013). Multi-modal magnetic resonance imaging in the acute and sub-acute phase
of mild traumatic brain injury: can we see the difference? J. Neurotrauma 30, 2–10.
doi: 10.1089/neu.2012.2486

van der Naalt, J., Timmerman, M. E., de Koning, M. E., van der Horn, H. J.,
Scheenen,M. E., and Jacobs, B. (2017). Early predictors of outcome after mild traumatic
brain injury (UPFRONT): an observational cohort study. Lancet Neurol. 16, 532–40.
doi: 10.1016/S1474-4422(17)30117-5

Vanier, C., Pandey, T., Parikh, S., Rodriguez, A., Knoblauch, T., Peralta,
J., et al. (2020). Interval-censored survival analysis of mild traumatic brain
injury with outcome based neuroimaging clinical applications. J. Concussion. 4.
doi: 10.1177/2059700220947194

Frontiers inNeuroimaging 14 frontiersin.org

https://doi.org/10.3389/fnimg.2023.1153115
https://doi.org/10.3389/fnagi.2021.693890
https://doi.org/10.3174/ajnr.A3395
https://doi.org/10.1093/brain/awu095
https://doi.org/10.1016/j.nicl.2016.06.012
https://doi.org/10.1089/neu.2009.1059
https://doi.org/10.1093/biostatistics/kxj037
https://doi.org/10.1136/jnnp.2006.096792
https://doi.org/10.2196/26360
https://doi.org/10.1016/j.apmr.2003.11.020
https://doi.org/10.1016/j.spen.2019.03.003
https://doi.org/10.3389/fneur.2016.00156
https://doi.org/10.1089/neu.1995.12.651
https://doi.org/10.1080/02699050903014915
https://doi.org/10.1093/arclin/acu060
https://doi.org/10.3233/NRE-130869
https://doi.org/10.1007/s11065-021-09485-5
https://doi.org/10.1007/s11682-012-9175-2
https://doi.org/10.3171/2011.2.JNS101547
https://doi.org/10.1136/bjsports-2013-092313
https://doi.org/10.1089/neu.2013.2984
https://doi.org/10.1016/j.apmr.2010.05.017
https://doi.org/10.1136/jnnp.2005.077875
https://doi.org/10.2217/cnc-2016-0028
https://doi.org/10.3389/fneur.2022.850642
https://doi.org/10.1089/neu.2021.0408
https://doi.org/10.1007/s43440-020-00177-0
https://doi.org/10.1136/bmjopen-2019-034494
https://doi.org/10.1089/neu.2017.5047
https://doi.org/10.1037/gpr0000123
https://doi.org/10.1080/026990596124124
https://doi.org/10.3174/ajnr.A1213
https://doi.org/10.12788/acp.0001
https://doi.org/10.1523/JNEUROSCI.0203-14.2014
https://doi.org/10.3988/jcn.2018.14.2.129
https://doi.org/10.1503/cmaj.120039
https://R-project.org
https://doi.org/10.1089/neu.2012.2486
https://doi.org/10.1016/S1474-4422(17)30117-5
https://doi.org/10.1177/2059700220947194
https://www.frontiersin.org/journals/neuroimaging
https://www.frontiersin.org


Asturias et al. 10.3389/fnimg.2023.1153115

Vasa, R. A., Suskauer, S. J., Thorn, J. M., Kalb, L., Grados, M. A., Slomine, B. S., et al.
(2015). Prevalence and predictors of affective lability after paediatric traumatic brain
injury. Brain Inj. 29, 921–28. doi: 10.3109/02699052.2015.1005670

Wallace, E. J., Mathias, J. L., and Ward, L. (2018). The relationship between
diffusion tensor imaging findings and cognitive outcomes following adult
traumatic brain injury: a meta-analysis. Neurosci. Biobehav. Rev. 92, 93–103.
doi: 10.1016/j.neubiorev.2018.05.023

Ware, A. L., Yeates, K. O., Tang, K., Shukla, A., Onicas, A. I., Guo, S., et al.
(2022). Longitudinal white matter microstructural changes in pediatric mild traumatic
brain injury: an A-CAP study. Hum. Brain Mapp. 43, 3809–23. doi: 10.1002/hbm.
25885

Yin, B., Li, D. D., Huang, H., Gu, C. H., Bai, G. H., Hu, L. X., et al. (2019).
Longitudinal changes in diffusion tensor imaging followingmild traumatic brain injury
and correlation with outcome. Front. Neural. Circ. 13, 28. doi: 10.3389/fncir.2019.
00028

Yue, J. K., Levin, H. S., Suen, C. G., Morrissey, M. R., Runyon, S. J., Winkler, E.
A., et al. (2019). Age and sex-mediated differences in six-month outcomes after mild
traumatic brain injury in young adults: a TRACK-TBI study. Neurol. Res. 41, 609–23.
doi: 10.1080/01616412.2019.1602312

Yuh, E. L., Mukherjee, P., Lingsma, H. F., Yue, J. K., Ferguson, A. R., Gordon, W.
A., et al. (2013). Magnetic resonance imaging improves 3-month outcome prediction
in mild traumatic brain injury. Ann. Neurol. 73, 224–235. doi: 10.1002/ana.23783

Frontiers inNeuroimaging 15 frontiersin.org

https://doi.org/10.3389/fnimg.2023.1153115
https://doi.org/10.3109/02699052.2015.1005670
https://doi.org/10.1016/j.neubiorev.2018.05.023
https://doi.org/10.1002/hbm.25885
https://doi.org/10.3389/fncir.2019.00028
https://doi.org/10.1080/01616412.2019.1602312
https://doi.org/10.1002/ana.23783
https://www.frontiersin.org/journals/neuroimaging
https://www.frontiersin.org

	Diffusion in the corpus callosum predicts persistence of clinical symptoms after mild traumatic brain injury, a multi-scanner study
	1. Introduction
	2. Methods
	2.1. Patient population
	2.2. Clinical measures
	2.3. Image acquisition and processing
	2.4. Diffusion data harmonization
	2.5. Statistical analysis

	3. Results
	4. Discussion
	4.1. Age
	4.2. Cognition
	4.3. Headache, balance
	4.4. Depression, anxiety, emotional lability, fatigue
	4.5. Date of scan after injury

	5. Study limitations
	6. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


