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Abstract

Background: Adult patients with mild traumatic brain injury (mTBI) exhibit distinct 

phenotypes of emotional and cognitive functioning identified by latent profile analysis of clinical 

neuropsychological assessments. When discerned early after injury, these latent clinical profiles 

have been found to improve prediction of long-term outcomes from mTBI. The present study 

hypothesized that white matter (WM) microstructure is better preserved in an emotionally resilient 

(ER) mTBI phenotype compared with a neuropsychiatrically distressed (ND) mTBI phenotype.

Methods: The present study used diffusion MRI to investigate and compare WM microstructure 

in major association, projection, and commissural tracts between the two phenotypes and over 

time. Diffusion MR images from 172 mTBI patients were analyzed to compute individual 

diffusion tensor imaging (DTI) maps at 2 weeks and 6 months postinjury.

*Co-correspondence: Lindsay D. Nelson, Neurosurgery, 8701 Watertown Plank Rd., Milwaukee, WI 53226, (414)805-3666, 
linelson@mcw.edu, Pratik Mukherjee, Radiology, 185 Berry St., San Francisco, CA 94158, (415)353-8972 ext. 23852, 
pratik.mukherjee@ucsf.edu.
†A complete list of the TRACK-TBI consortium is in the Acknowledgements.
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Results: By comparing the DTI parameters between the two phenotypes at global, regional, 

and voxel levels, the present study showed that the ER patients have higher axial diffusivity 

(AD) compared to their ND counterparts early after mTBI. Longitudinal analysis revealed greater 

compromise of WM microstructure in ND patients, with greater decrease of global AD and more 

widespread decrease of regional AD during the first 6 months after injury compared to their ER 

counterparts.

Conclusions: These results provide neuroimaging evidence of WM microstructural differences 

underpinning mTBI phenotypes identified from neuropsychological assessments and show 

differing longitudinal trajectories of these biological effects. These findings suggest diffusion MRI 

can provide short- and long-term imaging biomarkers of resilience.

Keywords

traumatic brain injury; neuropsychology; neuroimaging; diffusion MRI; DTI; resilience

Introduction

Traumatic brain injury (TBI) affects tens of millions of people worldwide annually, the 

vast majority classified as mild TBI (mTBI). Postinjury neuropsychiatric conditions include 

posttraumatic stress disorder (PTSD), anxiety disorders, and major depressive disorder 

(MDD) (1, 2). These can compromise quality of life, including decreased functional 

capacity, such as the ability to return to work (3), and drastically impact the life of caregivers 

and surrounding community (4–7).

Although classification systems for TBI severity exist based on Glasgow Coma Scale 

(GCS) and head computed tomography (CT) (8–11), patients exhibit wide variation in 

postinjury recovery unexplained by TBI severity. For example, two patients who sustain 

an injury of comparable severity, for example, mTBI defined as GCS score 13–15, may 

or may not manifest neuropsychiatric difficulties postinjury. They may experience different 

clinical symptom presentations, e.g., PTSD versus MDD (12–14). It is therefore critical to 

better understand neuropsychiatric symptoms following mTBI by investigating changes that 

underlie risk for these postinjury disabilities.

Using latent profile analysis, Brett et al. (2021) recently showed that 1,757 TBI participants 

(mild to severe) can be classified into clinically distinct phenotypes based on emotional and 

cognitive functioning at two-weeks postinjury assessed using twelve different tests included 

in the NIH Common Data Elements (15). Latent profile analysis is a mixture modeling 

method that assumes the presence of underlying, unmeasured phenotypes (subgroups of 

participants) that can be identified from distinct patterns of observed variables (here, 

symptom and cognitive performance measures). These acute TBI phenotypes strongly 

predicted 6-month postinjury outcomes across functional, clinical, and quality of life (QoL) 

domains using standard tests different than those used to define the phenotypes. A four-

group solution included two distinct profiles that differentiated those experiencing postinjury 

neuropsychiatric distress (ND; n=350 patients) from those exhibiting emotional resilience 

(ER; n=419 patients). Another two profiles were characterized by cognitive difficulties 

(n=368 patients) versus cognitively resilient (n=620 patients). The ER group stood out as 
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having the best prognosis for functional, clinical, and QoL outcomes at 6-months postinjury, 

while the ND group had the worst prognosis.

Resilience is a salient area of interest in neuroscience, psychology, and sociology, 

encompassing the capacity to respond to adverse life and health experiences with adaptation, 

flexibility, and persistence (16, 17). Given the influence of emotional resilience on 6-

month outcomes post-TBI, it is critical to understand its biological mechanisms (15). 

This represents the emerging viewpoint that devising better TBI rehabilitation requires 

understanding not just “what the injury brings to the brain” but also “what the brain brings to 

the injury”.

Diffusion tensor imaging (DTI) has been widely applied to characterize white matter (WM) 

pathology in mTBI because of its sensitivity to diffuse axonal injury (DAI) (18–22). Schmidt 

et al. (2021) recently found using DTI that resilience-promoting factors (e.g., community 

support, close interpersonal relationships) were associated with intact WM microstructural 

integrity in a small adolescent sample of all-severity TBI (23). Other studies indicate 

that WM microstructure correlates with resilience in adolescents (24, 25). WM structural 

network efficiency derived from diffusion MRI (dMRI) predicts resilience to cognitive 

decline in adults at risk for Alzheimer’s disease (26). Conversely, reduced integrity of WM 

tracts has been observed in those with psychiatric diagnoses or higher levels of psychiatric 

symptomatology (27). Taken together, WM microstructure represents a promising biological 

marker to elucidate emotional resilience versus neuropsychiatric distress following mTBI.

Our objectives were to investigate: 1) WM differences in ER versus ND phenotypes in 

acute mTBI, and 2) longitudinal WM changes across the two phenotypes up to 6 months 

postinjury. We studied a subset of the TRACK-TBI participants examined by Brett et 

al. (2021) ages 17–60 years that met criteria for mTBI and underwent DTI at both two 

weeks and 6 months postinjury. We focused on the ER and ND groups because they 

had the greatest divergence in recovery after mTBI (15) and because emotional resilience 

has significance in many other neuropsychiatric disorders. Figure 1 shows a schematic of 

hypothesized roles of resilience and DAI and expected observations.

We hypothesized that the ER group would exhibit greater WM integrity acutely (2 weeks) 

post-TBI and exhibit less decrease at 6 months postinjury. Axial diffusivity (AD) was 

selected as the primary DTI metric since it represents the component of WM microstructural 

integrity along the principal axonal fiber orientation. A higher AD is often linked with 

greater WM microstructural integrity and decrease of AD over time is often linked with WM 

deterioration. Its response to TBI is more monophasic from the acute to chronic phase of 

injury than other commonly used DTI metrics such as fractional anisotropy (FA) and mean 

diffusivity (MD) in both animal experimental models (28) and human studies (29).

Methods and Materials

Participants

The present study included mTBI participants from the Transforming Research and Clinical 

Knowledge in TBI (TRACK-TBI) study (30). The participants were enrolled between 2014 

Cai et al. Page 3

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and 2018 at 11 academic Level 1 trauma centers across the United States within 24 

hours of injury and were evaluated in the Emergency Department or hospital inpatient 

unit. All participants offered written consent to the study protocol approved by the 

Institutional Review Board (IRB) at University of California, San Francisco and the IRBs 

at other participating sites. Additional enrollment and inclusion criteria are reported in the 

supplements. Of the 1,132 mTBI patients in the cohort, 391 from 17–60 years of age 

underwent MRI at both 2-week and 6-month time points. Of these 391 patients, 94 were 

classified as ER and 78 were classified as ND based on the latent profile analysis of 

their responses to a comprehensive battery of neuropsychological assessments/inventories at 

two-weeks postinjury (15). The ER and ND phenotypes were not equivalent to any diagnosis 

from traditional approaches, e.g., Diagnostic and Statistical Manual (DSM) and International 

Classification of Diseases (ICD). In addition, a demographically matched control group of 

148 uninjured volunteers was enrolled using the same inclusion and exclusion criteria except 

for those related to head injury.

Clinical Outcomes at 6 months

Patients were assessed at 6 months postinjury. The Glasgow Outcome Scale-Extended 

(GOSE) score measures diverse changes in daily functioning after traumatic injuries; a score 

<8 indicates incomplete recovery (9, 30–33). TBI-related symptoms were assessed using the 

Rivermead Post Concussion Symptoms Questionnaire (RPQ, ranges from 0–64), with higher 

scores indicating more severe injury-related symptoms (34).

MRI Acquisition

Whole-brain MRI with diffusion sequences were conducted using 3T MR scanners with 

phased-array head radiofrequency coils. Measures were standardized across sites by using a 

consistent acquisition protocol and a calibration process with a traveling diffusion phantom 

and human volunteers (35). For each patient at each time point, multi-slice single-shot 

spin-echo echo-planar pulse sequences were acquired at b=1300 s·mm−2 for 64 diffusion-

encoding directions and at b=0 s·mm−2 for 8 acquisitions, with slices 2.7-mm thick and no 

gaps, a matrix of 128×128, and an FOV of 350 mm. The resulting voxel size is 2.7-mm in all 

three dimensions.

DTI Processing and Analysis

DTI preprocessing and Tract-Based Spatial Statistics (TBSS) were performed using 

the Functional MRI of the Brain Software Library (FSL) (36). DTI parameters (FA, 

MD, AD, and RD) were calculated after correction of susceptibility and eddy current 

induced distortions by registering each volume to the b0 volume, without using reverse 

phase-encoding acquisitions. Individual FA maps were skeletonized and registered to the 

FMRIB58 FA template in MNI152 standard space. Global mean DTI parameters were 

computed over the entire brain WM skeleton. Region-of-interest (ROI) values of WM tracts 

were obtained by masking the individual WM skeletons with JHU ICBM-DTI-81 WM 

Labeled Atlas (37) regions in MNI152 space and averaging across voxels in each region. 

Whole-brain voxelwise group comparison was implemented with permutation testing and 

corrected for multiple voxelwise comparisons using threshold-free cluster enhancement at 

p≤0.05 (38).

Cai et al. Page 4

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical analyses

For comparing global AD between ER and ND patients: (1) an unpaired t-test was 

performed to evaluate the significance of differences between groups at each time point; 

(2) a paired t-test was performed to evaluate the significance of within-group longitudinal 

differences; (3) an unpaired t-test was performed to evaluate the phenotype differences of 

longitudinal changes. For the phenotype comparison of regional DTI parameters at each 

time point, bilaterally measured regions were averaged, then an unpaired heteroscedastic 

t-test was used for statistical inference, and Cohen’s d was computed to evaluate the 

effect size. The Benjamini-Hochberg FDR adjusted p-value was computed to correct for 

multiple comparisons (39). To explore the longitudinal changes in regional AD, a paired 

t-test was performed to evaluate the significance of within-group longitudinal change, and 

a repeated-measures ANOVA was performed with Time set as the within-subject factor, 

Phenotype set as the between-subject factor (excluding control group for lacking phenotype 

assignments), and an interactive term of Phenotype:Time. For the comparison of 6-month 

clinical outcomes, an unpaired heteroscedastic t-test was performed.

Results

The demographic, clinical, and CT results of the ER and ND patients are provided in 

Supplementary Table S1. There was no age difference between ER (36.1±13.4 years) and 

ND (35.1±11.7 years). ND had twice as many women (43.6%) as ER (21.3%). ER had more 

years of education (14.9 ± 2.8) than ND (12.9 ± 2.1). There were trends towards higher rates 

of loss of consciousness (LOC), posttraumatic amnesia (PTA), and acute TBI findings on 

CT in ER than ND. There was also a trend towards a higher rate of prior neuropsychiatric 

diagnosis in ND.

Results comparing WM microstructure between ER and ND are presented in ascending 

order of spatial resolution, from global WM (Figure 2) to regional WM tracts (Figure 3, 

Tables 1–3) to voxelwise WM (Figure 4).

Global axial diffusivity

For both timepoints, ND had lower global AD than ER (p=0.045 at 2 weeks, p=0.005 

at 6 months). ER showed no significant longitudinal change (p=0.45, Cohen’s d=0.08) 

whereas ND exhibited a significant longitudinal decrease in global AD (p=0.003, Cohen’s 

d=0.35). The longitudinal global AD change in ND participants was greater than their ER 

counterparts (p=0.043, Cohen’s d=0.31).

Phenotype difference of regional DTI

To identify which WM tracts contributed most to this global AD difference between ER 

and ND groups, post hoc region of interest (ROI) analysis was performed at two weeks 

and six months, correcting for multiple comparisons (Tables 1–2; see captions for tract 

abbreviations). At two weeks, ND had significantly lower AD than ER in FX and SCP. 

The AD group differences increased from 2 regions at two weeks to 13 regions at six 

months. The ND group showed significantly lower AD in association tracts (EC, FXST, 

SFO, SS, and UNC) and projection tracts of the internal capsule (ALIC/PLIC/RLIC), as well 
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as brainstem (CP and ML). Regions with lower AD in the ND group at two weeks postinjury 

showed increased effect size by six months (FX and SCP).

Longitudinal change of regional axial diffusivity

Table 3 reports longitudinal change of regional AD using repeated-measures ANOVA. 

Figure 3 reveals that ND had significant longitudinal reductions of AD in 7 regions, while 

ER only had them in PLIC and GCC. The ER group also trended towards increased AD in 

SS, PCR, and PTR. No significant change was found in uninjured controls for any of the 

tracts.

ND patients showed deterioration of WM microstructure as progressively reduced AD in 

more WM regions (Table S2) than ER patients, in whom significant interval AD decreases 

were limited to the internal capsule and GCC (Table S3).

Voxelwise analysis of axial diffusivity

Significant voxelwise AD differences between ER and ND at two-weeks postinjury were 

mostly in central regions, which extended to more peripheral and posterior regions over the 

following six months (Figure 4), such as PCR and PTR where longitudinal ROI analysis 

showed that AD was trending upwards in ER but was significantly decreasing in ND (Fig. 

3). We also performed the longitudinal voxelwise t-statistics within each group but did not 

find any significant changes after multiple voxelwise comparison correction.

Clinical outcomes at 6 months

ER patients predominantly demonstrated full functional recovery (GOSE=8), whereas ND 

patients had significantly lower GOSE scores (p<0.001) representing incomplete recovery, 

with a shallow distribution over the range of 4 – 8 (Figure 5A). Most ER patients had zero 

RPQ (Figure 5B), implying no remaining TBI symptoms (34), whereas ND patients had 

significantly higher RPQ over a wide distribution (p<0.001).

Discussion

This prospective, natural history study of mTBI patients is the first, to our knowledge, 

to interrogate neural pathways of resilience associated with distinct neuropsychiatric 

phenotypes postinjury. WM microstructural differences between ER and ND phenotypes 

of mTBI were clearly identified at two-weeks postinjury, and became larger and more 

widespread at six months. DTI revealed lower WM AD and therefore possibly reduced 

microstructural integrity in ND patients compared with their ER counterparts. This 

difference increased from two to 13 major WM tracts during the first six months postinjury, 

indicating that greater neuropsychiatric distress interacts with injury-related processes to 

confer worse biological responses to mTBI, whereas greater emotional resilience may serve 

as a protective factor, both early and especially later during mTBI recovery. These findings 

support the novel phenotypic classification of Brett et al. (2021), with a striking group 

difference in six-month outcomes. Whereas the majority of the ER group identified early 

after injury had little or no long-term disability or symptoms, the majority of the ND 

group had poor long-term outcomes. This cannot be explained by differences in standard 
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clinical and CT measures of injury severity, all of which indicated more severe TBI in 

the ER group rather than the ND group (Table S1). This implies that emotional resilience 

is a major determinant of recovery after mTBI, or that yet-to-be-determined (likely non-

injury) factors drive long-term emotional and neurobiological outcomes. Given the high 

prevalence of mTBI worldwide, elucidating the neuroscientific underpinnings of resilience 

and leveraging this knowledge to improve diagnosis and treatment of mTBI patients should 

be a major focus of research, especially if these neural mechanisms are also shared with 

other neurological and psychiatric disorders.

The evident association between mTBI phenotypes and WM integrity implicates particular 

neurobiological mechanisms and may prove useful as diagnostic, prognostic and/or 

predictive biomarkers for clinical trials and patient management. The ER and ND 

phenotypes contrast along multiple psychiatric symptom dimensions post-TBI, including 

internalizing factors (depression, anxiety, fear) and somatic factors (sleep problems, physical 

difficulty, and pain) (40). Distinct patterns of WM changes associated with these symptoms 

may contribute to the feature segregation between phenotypes. Axonal damage of tracts 

related to emotional functions may predict neuropsychiatric manifestations after TBI. 

Aldossary et al. (2019) showed that severe TBI patients with DAI were more likely 

to exhibit personality changes, aggression, and MDD, implicating emotional regulation 

neurotransmitter circuits of the frontal and anterior temporal lobes (41). We found greater 

reduction of diffusivity in SFO, SLF, UNC, and FX, corroborating the hypothesized 

disrupted neurotransmitter circuits.

In the broader neurosciences, studies have linked limbic and neocortical association tracts 

with internalizing mental illness. The FX and cingulum are associated with emotional 

dysfunction in bipolar disorder (42). Decreased UNC integrity was found in MDD (43). 

Jenkins et al. (2016) studied shared WM microstructural abnormalities of patients across 

various emotion disorders using DTI and found reduced FA in UNC and SLF (44). 

This is germane to the current study, as the classification of ER and ND was based on 

a transdiagnostic approach comprising various dimensions of internalizing and somatic 

psychiatric symptoms. We observed significantly lower AD in FX, UNC, and SLF in ND 

patients versus ER patients, concordant with previous findings, and lower AD of the ND 

group in other neocortical association tracts, including EC, SFO, and SS, by 6 months 

postinjury.

Compromised WM microstructure of commissural and projection tracts might also correlate 

with emotional deficits. Jenkins et al. (2016) reported reduced FA in the GCC, ATR and 

SCR (44). Corpus callosum and ALIC has lower FA in MDD patients relative to controls 

(45). We observed cross-sectional and/or longitudinal differences of AD in ND versus ER 

in the ALIC, but also in many more tracts at six months postinjury. Interestingly, posterior 

fibers of the PCR, PTR and SS in ER patients trended towards an increased AD over time, 

suggesting possible recovery of axonal integrity.

Damage to the cerebellum might be important for the deleterious effects of mTBI since it 

is sensitive to timing and has been postulated as the hub within the network for attentional 

prediction (46,47). AD of the cerebellar peduncles is reduced in both collegiate athletes 
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and Emergency Department patients with mTBI compared with controls (48). In the 

current study, AD of the SCP was reduced in ND versus ER at both time points. Both 

cerebral and cerebellar peduncles (CP, ICP) showed reduction of AD over time in ND 

but not ER patients. Therefore, microstructural plasticity of cerebellar input/output WM 

pathways via its peduncles, which is vital for maintaining precise spike timing (49–51), 

may be an important mechanism of mTBI resilience in addition to causing post-concussive 

symptoms when damaged. Hence, those with greater preinjury microstructural integrity of 

the cerebellar peduncles might tolerate the same severity of injury with fewer symptoms and 

less disability than those without this advantage.

These neurobiological correlates of ER versus ND are dynamic over time, leading to 

different potential interpretations at two weeks versus six months postinjury. Higher AD at 

two weeks postinjury may indicate that ER patients had less severe injury to axonal density 

and less disruption of axonal orientation coherence relative to ND patients. Higher AD six 

months later may indicate that the ER patients had recovered better and/or that the ND 

patients had more WM degeneration. However, a high AD does not necessarily mean better 

WM microstructural integrity in the ER patients at two weeks. Acute neural deformation 

edema can also have a transient effect on local AD, which may explain the finding by Brett 

et al. (2021) that the latent profiles did not intuitively cohere with TBI severity scores (15). 

They found that lower admission GCS (<13) were observed more commonly in ER (7.9%) 

than ND (5.5%), indicating that ER patients tended to have greater injury severity. ND had a 

higher percentage of women than ER; however, sex differences cannot explain the different 

WM AD changes between ER and ND across the two timepoints. Interestingly, differences 

of longitudinal AD changes between ER and ND were evident in the ROI analysis but not 

in the voxelwise analysis, likely because voxelwise analysis has more stringent multiple 

comparison corrections and thus lower statistical power.

Resilience can exist prior to TBI as a premorbid host factor. A minority of ER and ND 

patients reported preinjury psychiatric problems which were only slightly more common in 

the ND group. McCauley et al. (2013) evaluated preinjury clinical/functional resilience in 

mTBI patients post hoc by using the Connor-Davidson Resilience Scale (CDRS) based on 

the patients’ memory of their functioning a month before the injury (52). They observed 

that preinjury resilience and preinjury depressed mood predicted postinjury outcomes. 

Another study of post-TBI resilience using the CDRS found that premorbid host factors 

(e.g., minority group membership, preinjury substance abuse, and higher levels of anxiety 

and disability) were related to reduced resilience during the first year postinjury (53). TBI 

patients with MDD are more likely to have a history of mood and anxiety disorders than TBI 

patients without depression, linking lower resilience to emotional deficits after TBI (54). 

Premorbid somatization symptoms influence clinical recovery after sport related concussion 

(55). Manic symptoms post-TBI were more frequent in patients with a positive family 

history of bipolar disorder, suggesting that neuropsychiatric risk factors existed preinjury 

(56). An earlier study also showed a strong relationship between severe mental illness 

post-TBI and family histories of schizophrenia or bipolar disorder (57).

Alternatively, post-TBI resilience may develop in response to injury. Schmidt et al. (2021) 

suggested that the protective effects of resilience in adolescent TBI patients may be a 
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result of less disrupted WM tracts combined with quality of support from family and 

caregivers (23). Accordingly, resilience may be responsive and not just innate, although a 

positive correlation may exist between preinjury resilience and superior family/caregiver 

environments that can further enhance resilience postinjury. Task-oriented coping and 

perceived social support, but not premorbid intelligence, predicted high resilience on the 

CDRS post-TBI (58).

Since premorbid resilience cannot be ascertained in most TBI study designs, our study is 

unable to distinguish between altered microstructural WM integrity due to DAI and that 

due to resilience. The conventional explanation for the group differences (Figure 1A) is that 

more severe DAI accounts for the lower WM integrity at two weeks in the ND group and 

that continued Wallerian axonal degeneration produces the widening gap between ND and 

ER at six months. However, there is no clinical evidence for greater DAI in the ND group, 

rather, the ER group trended toward higher proportions of LOC, PTA, and acute intracranial 

injury on CT scanning, which are all factors associated with greater injury severity. The 

alternate explanation (Figure 1B) is that differences in preinjury resilience accounts for 

the differences in DTI metrics at two weeks and that persistent adaptive behaviors among 

the ER group, versus maladaptive behaviors among the ND group, explain the relatively 

preserved WM microstructure of ER patients by 6 months postinjury, similar to that of the 

uninjured controls, versus the deteriorating WM integrity of the ND patients. This view is 

consistent with the finding of higher educational levels in the ER group. Rates of premorbid 

psychopathology did not differ between ER and ND, indicating that this construct is not 

simply due to pre-existing neuropsychiatric history. Furthermore, the greatest variation in 

WM microstructure between the two groups were in tracts implicated in resilience and 

neuropsychiatric function, as opposed to the more uniform and diffuse group differences that 

would be postulated by the DAI hypothesis. However, there are likely interactions between 

DAI and preinjury resilience during the recovery from mTBI, since DAI can affect WM 

tracts required for clinical/functional resilience and, in turn, resilience can promote adaptive 

responses to injury that might potentially prevent further WM degeneration induced by DAI. 

This latter interaction is supported by the one-year follow-up DTI data from a recent pilot 

study of resilience-promoting factors in adolescents with complicated mild, moderate, and 

severe TBI (23).

Given the enlarging differences in WM microstructure between ER and ND over time, 

improving post-TBI intervention is urgent, demanding clear identification of modifiable 

factors. Emergency Department mTBI patients frequently receive limited education and 

follow-up care (59). Variation in TBI clinical care practices conceivably contributes to 

resilient versus adverse clinical and neurobiological outcomes. Advancing mTBI biological 

and phenotypic classification is critical to better precision medicine treatment approaches, 

since more precisely and accurately characterizing population heterogeneity will help ensure 

interventions are tailored to the unique needs and preferences of individual patients (30, 

60, 61). Incorporating neuroscience-informed resilience theory and positive psychology into 

TBI rehabilitation promises to improve long-term life quality (62–65). Patients’ perception 

of the injury might lead to differentiated neuropsychiatric outcomes (3). Postinjury social 

and environmental challenges also have psychological impacts. For example, a patient and 

family may be unable to work to their full capacity postinjury, which consequently stretches 
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their financial resources (66). Professional guidance should be integrated into rehabilitation 

to support coping with all these stressors (67).

Limitations and Future Directions

To control for all potential confounding factors (genetics, sex, education, lifestyles, 

socioeconomics) would have required a larger sample size. More studies would help to 

determine the effect of these different demographic characteristics. DTI data from two 

timepoints were inadequate to quantify the effect of acute edema on AD. Future studies 

incorporating earlier imaging time points as well as more advanced diffusion models (e.g., 

NODDI) would help elucidate these acute effects of TBI.

TBSS has limited anatomical specificity, due to its reliance on FA and neglecting orientation 

information in the diffusion tensor (68). Also, the impact of heterogeneity in image 

acquisition on the results (e.g., due to scanner types) might have been reduced by advanced 

harmonization methods.

Regarding interpretation of the results, the reported effect sizes are not large enough to 

predict the outcomes of individual patients. Also, the present analyses cannot determine if 

particular neuropsychiatric factors (e.g., sleep, depression, anxiety, fear, sleep problems, 

physical difficulty, pain) were predominantly associated with AD to inform treatment 

recommendations. These limitations should inspire future hypothesis-driven investigations 

with more advanced diffusion MRI acquisition and analysis methodology.
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Figure 1: 
Hypothesized roles of resilience versus DAI on WM microstructural integrity and clinical 

outcomes after mTBI. Solid boxes represent observed variables; dashed boxes represent 

unobserved variables. Red arrows and boxes denote negative effects; green arrows/boxes 

denote positive effects; gold arrows/boxes reflect transitions between observed variables. 

Larger arrows signify a larger effect. A. What the injury brings to the brain: The ER and 

ND patients are assumed to have no difference in preinjury resilience. Differing intensities 

of DAI are postulated to cause the LPA cluster segregation of the two phenotypes as well 

as the expected DTI differences (red arrows) that gradually increase between 2 weeks and 

6 months postinjury due to group differences in axonal degeneration (red box) that impact 

clinical outcome. B. What the brain brings to the injury: The ER and ND patients are 

assumed to be different in preinjury resilience, but not DAI severity. In this scenario, the 

initial differences of DTI metrics at 2 weeks are largely due to premorbid differences in 

resilience and the enlarging differences expected at 6 months are due to adaptive versus 

maladaptive responses to the mTBI among the ER versus ND patients (green box).

Cai et al. Page 16

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Global axial diffusivity (AD) comparison between the ER patients (blue dots) and the ND 

patients (orange dots). The black bars show the mean and its 95% confidence intervals for 

the group of dots. A. ER (1.112 ± 0.045 × 10−3 mm·s−1) had higher AD than ND (1.098 

± 0.047 × 10−3 mm·s−1) at 2 weeks after mTBI. B. ER (1.111± 0.044 × 10−3 mm·s−1) 

had higher AD than ND (1.091 ± 0.046 × 10−3 mm·s−1) at 6 months after mTBI. C. The 

longitudinal change of global AD computed as the value at 6 months minus the value at 

2 weeks. ND (−0.671 ± 1.944 × 10−5 mm·s−1) showed more negative changes than ER 

(−0.124 ± 1.582 × 10−5 mm·s−1, not significantly different from zero).
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Figure 3: 
The longitudinal change of AD computed as the value at the second timepoint minus the 

value at the first timepoint. A red star on the abscissa denotes a significant longitudinal 

change after FDR correction. Association tracts: SS - sagittal stratum. Projection tracts: PCR 

- posterior corona radiata; PLIC - posterior limb internal capsule; PTR - posterior thalamic 

radiation. Commissural tracts: BCC/GCC - body/genu of corpus callosum. Brainstem and 

cerebellar tracts: CP - cerebral peduncle; ICP/MCP/SCP -inferior/middle/superior cerebellar 

peduncle; PCT - pontine crossing tract.
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Figure 4: 
Voxelwise statistics of AD comparison between ER and ND at 2 weeks (A at the top) and 6 

months (B at the bottom). The colorbar on the right shows the range of p-values from 0.05 to 

0 corrected for multiple voxelwise comparisons: red is marginally significant while yellow 

is highly significant. The statistical significance represents ER patients with higher AD than 

ND patients in a given WM voxel. In each row, nine slices of the axial view of brain lay out 

sequentially, with the z-coordinate labeled at the bottom.
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Figure 5: 
Histograms of outcomes of Glasgow Outcome Scale Extended (GOSE) measure of disability 

and Rivermead Postconcussion Questionnaire (RPQ) measure of TBI symptoms at six 

months postinjury, stratified by clinical phenotypes identified at two weeks postinjury. Blue 

represents the ER cohort and orange the ND cohort.
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Table 3:

Results of repeated measures ANOVA for regions with significant longitudinal changes and/or interactions 

between phenotype and time. WM tract region abbreviations are as in Table 1.

Region Factors Sum. Sq. D.F. Mean Sq. F p-Value

SS Time 1.01 × 10−11 1 1.01 × 10−11 0.01 0.93

Phenotype: Time 5.24 × 10−9 1 5.24 × 10−9 3.98 0.05

PCR Time 2.06 × 10−11 1 2.06 × 10−11 0.01 0.92

Phenotype: Time 9.36 × 10−9 1 9.36 × 10−9 4.24 0.04

PLIC Time 8.29 × 10−9 1 8.29 × 10−9 28.4 <0.001

Phenotype: Time 3.55 × 10−10 1 3.55 × 10−10 1.22 0.27

PTR Time 1.13 × 10−11 1 1.13 × 10−11 0.04 0.84

Phenotype: Time 3.12 × 10−9 1 3.12 × 10−9 11.5 <0.001

BCC Time 8.06 × 10−9 1 8.06 × 10−9 11.6 <0.001

Phenotype: Time 8.17 × 10−10 1 8.17 × 10−10 1.17 0.28

GCC Time 1.28 × 10−8 1 1.28 × 10−8 19.7 <0.001

Phenotype: Time 2.02 × 10−10 1 2.02 × 10−10 0.31 0.58

CP Time 1.01 × 10−8 1 1.01 × 10−8 14.9 <0.001

Phenotype: Time 5.52 × 10−9 1 5.52 × 10−9 8.12 0.005

ICP Time 6.07 × 10−9 1 6.07 × 10−9 9.92 0.002

Phenotype: Time 6.86 × 10−10 1 6.86 × 10−10 1.12 0.29

MCP Time 3.00 × 10−9 1 3.00 × 10−9 8.83 0.003

Phenotype: Time 3.36 × 10−11 1 3.36 × 10−11 0.10 0.75

SCP Time 1.66 × 10−8 1 1.66 × 10−8 6.81 0.01

Phenotype: Time 2.44 × 10−9 1 2.44 × 10−9 1.00 0.32

PCT Time 9.97 × 10−9 1 9.97 × 10−9 9.99 0.002

Phenotype: Time 7.32 × 10−10 1 7.32 × 10−10 0.73 0.39
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