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Abstract
Objective

The long-term consequences of traumatic brain injury (TBI) on brain structure remain uncertain. In light

of current evidence that even a single significant brain injury event increases the risk of dementia, brain-age

estimation could provide a novel and efficient indexing of the long-term consequences of TBI. Brain-age

procedures use predictive modeling to calculate brain-age scores for an individual using MRI data.

Complicated mild, moderate and severe TBI (cmsTBI) is associated with a higher predicted (brain) age

difference (PAD), but the progression of PAD over time remains unclear. Here we sought to examine whether

PAD increases as a function of time since injury (TSI).

Methods

As part of the ENIGMA Adult Moderate and Severe (AMS)-TBI working group, we examine the largest

TBI sample to date (n=343), along with controls, for a total sample size of 540, to reproduce and extend prior

findings in the study of TBI brain age. T1w-MRI data were aggregated across 7 cohorts and brain age was

established using a similar brain age algorithm to prior work in TBI.

Results

Findings show that PAD widens with longer TSI, and there was evidence for differences between sexes

in PAD, with men showing more advanced brain age. We did not find evidence supporting a link between PAD

and cognitive performance.

Interpretation

This work provides evidence that changes in brain structure after msTBI are dynamic, with an initial

period of change, followed by relative stability, eventually leading to further changes in the decades after a

single msTBI.
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Introduction
Complicated mild (mild TBI with trauma-related intracranial pathology on CT/MRI), moderate, and

severe TBI (cmsTBI) results in downstream consequences for brain structure and physiology, altering the

course of brain aging and increasing risk for neurodegeneration.1,2 The trajectories for brain atrophy in late

chronic cmsTBI (>10 years) samples have not been studied extensively but some evidence suggests a pattern

distinct from that in Alzheimer’s disease.3 Modifiers of aging after cmsTBI include chronic neuroinflammation,4

blood-brain barrier disruption, and proteinopathy primarily involving tau, beta-amyloid, and alpha-synuclein.5,6

As one ages with cmsTBI, the initial injury characteristics and time-since-injury (TSI) may therefore interact to

moderate long-term outcomes.7

Brain-age-gap has been developed as a potential biomarker for outcome in psychiatric and neurological

disorders. Brain-age is established by comparing brain characteristics of an individual to their chronological

age, determined using data from healthy participants.8,9 Studies of the predicted age difference (PAD) have

been applied to a range of clinical populations, including depression,10 PTSD,11 and stroke.12 Brain age

prediction modeling shows that, within the first several years after cmsTBI, there is increased atrophy in gray

and white matter equivalent to about half a decade in chronological age in msTBI,13–16 and 1-3 years in mild

TBI.2,17,18 The extent to which post-traumatic atrophy may evolve as individuals transition through various

stages of life, continuing into senescence for years and even decades, remains to be established.

Greater PAD after cmsTBI has been associated with greater injury severity and poorer cognitive

function. However, it remains unclear whether the brain atrophy – observed in the well-documented sulcal and

ventricular enlargement occurring over the first few years secondary to lesion resolution and transsynaptic or

Wallerian degeneration19 – has long-term effects and is associated with an acceleration of brain aging over the

lifespan. While there is some evidence of an association between TSI and PAD in mid-life, interpreted as

accelerated aging,13 other work has failed to substantiate this effect.15

This study extends prior work13–15 by analyzing a larger sample with a wider age range (18-85) and TSI

(mean=5.3 years ±6.4, range 0.2-34), with severity ranging between complicated mild and severe. We

leveraged a team science approach through ENIGMA (Enhancing NeuroImaging Genetics through

Meta-Analysis20) and the ENIGMA Adult msTBI (AMS-TBI) working group.21 We hypothesized that we would

see both advanced brain age in individuals with cmsTBI, and accelerated brain aging, defined as increasing

PAD as a function of TSI. We hypothesized that injury severity, lower educational attainment, and poorer

cognitive function would be independent predictors of greater PAD. Additionally, we examined the influence of

sex on brain age trajectory without making specific predictions, due to mixed findings in the literature.22 Finally,

given its role as a potential risk factor for poor outcome after TBI,23 we examined the role of genetic risk

(APOE) on PAD as it interacts with TSI, anticipating that the ε4 allele would confer risk for more accelerated

brain aging.

Methods
Study samples
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Study samples consisted of seven cohorts from parent studies originating in three countries (see Table
1). The final sample size (as detailed below and in Figure 1) was 540: 343 cmsTBI (237M/106F, mean

age=44.5±16.2 years, range=20-85) and 197 control (113M/84F, mean age=38.6±16.2 years, range=18-84).

There was a significant difference in age between groups (p<0.001), partially attributable to two cohorts with

older participants not including a control sample. Participants were recruited from hospitals, outpatient

rehabilitation clinics, and the surrounding community. Details on the inclusion and exclusion criteria for each

cohort are included in Supplementary Table 1. Original studies were reviewed by the appropriate institutional
review board for each respective institution. All participants provided written or verbal informed consent as part

of involvement with the parent study.

For the analyses in this study, only participants 18 years of age or older at the time of enrollment were

included and participants who sustained their injury before the age of 18 were excluded from most analyses

(N=61) in order to avoid confounding brain changes associated with neurodevelopment with morphological

alterations attributed to injury. Level of education was measured using ISCED 2011 categories.24

Patients had to have sustained a cmsTBI, defined by having a TBI and trauma-related intracranial

pathology and/or significant loss-of-consciousness (for details see below). Complicated mild TBI has been

shown to result in more severe and chronic cognitive deficits compared to mild TBI/concussion, constituting a

distinct class of injury,25 and was therefore included in the analysis. As injury severity was operationalized

differently across the parent studies, patients were reclassified into complicated mild, moderate, or severe TBI

based on GCS (Glasgow Coma Scale) score, where available: (1) GCS 14-15 and trauma-related intracranial

pathology=complicated mild TBI, (2) GCS 9-13=moderate TBI, and (3) GCS 3-8=severe TBI. Where GCS

scores were not available, injury severity was determined by other available study specific procedures (see

Supplementary Table 1) or inferred based on inclusion/exclusion criteria. Severity was coded as

1=complicated mild TBI, 2=moderate TBI, 3=severe TBI.

Image acquisition

All cohorts shared their raw T1-weighted MRI data with the central processing site (University of Utah,

ED). The acquisition parameters for each cohort are shown in Supplementary Table 2.

Cognitive data

Most sites collected a version of the Trail Making Test (TMT) and Digit Span from their cohorts,

therefore we examined whether TMT condition A and B (or D-KEFS conditions 3 and 4) performance or Digit

Span scores (forward + backward) was associated with PAD in the cmsTBI group. For TMT, using raw or

scaled scores together was not appropriate given differences in Halstead Trails and D-KEFS Trails test

administration and norming procedures. For this reason, we normed the data based on our healthy control

subjects to calculate T-scores, separately for each test.

Brain age prediction
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We implemented the Gaussian processes regression approach for brain age estimation.13 Raw

T1-weighted MR images were processed with the brainageR v2.1 workflow

(https://github.com/james-cole/brainageR), with a model similar to those described previously.11,13 The

brainageR model was trained on brain MRIs from 3,377 individuals from seven publicly available datasets.

Overall, this training sample included individuals 18-92 years old from samples in the United States, United

Kingdom, Australia, and China. Briefly, T1-weighted images were segmented into gray matter, white matter,

and cerebrospinal fluid using SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and spatially

normalized. The resulting images were vectorized and subjected to principal components analysis (using R

prcomp https://cran.r-project.org), where components explaining the top 80% of variance were retained,

resulting in 435 components. Processing for the ENIGMA AMS-TBI data was the same, with raw T1-weighted

images segmented, normalized, vectorized, and the rotation matrix from the training dataset applied to yield

435 components for each participant. The resulting components were used to predict brain age using

kernlab,26 and tissue segmentations were visually checked for quality. Of the 809 scans across seven cohorts,

17% failed visual quality control due to poor tissue segmentation (QC, N=138). The failure rate was similar

between the cmsTBI and control groups. Outliers based on predicted age difference (PAD; ±3SD) were

removed (N=12). A flowchart of reasons for exclusions may be seen in Figure 1 and site-level information in

Supplementary Table 3. Due to missing demographic or clinical information for some participants, the final

sample size was 540 participants (343 cmsTBI and 197 controls).

The variable of interest was PAD, calculated by subtracting the chronological age from the predicted

age. A negative PAD score indicates brain age values that are lower (younger) than expected given an

individual’s chronological age. A positive PAD indicates a brain that appears older than expected, and could

imply either advanced and/or accelerated aging. Plots of the chronological age and predicted brain age across

cohorts are shown in Supplementary Figure 1. For the purposes of this paper, advanced brain aging refers to

a larger PAD in TBI, while accelerated brain aging refers to a PAD that increases with more advanced

chronological age or more time post-injury.

APOE analyses

A total of 166 participants (128 cmsTBI) across 3 cohorts had available APOE genotype. Of 166

participants with APOE genotype, 56 had at least one ε4 allele. Due to the limited APOE sample size, all

findings related to APOE were considered exploratory and should be interpreted with caution.

Data availability

Data are available to researchers who join the working group and submit a secondary analysis proposal

to the group for approval, which is granted on a cohort-by-cohort level. Interested researchers should contact

the corresponding authors.

Statistical Analyses
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Statistical analyses were run as mixed effects models in R 3.1.3 with the nlme package, setting PAD as

the dependent variable. Some cohorts consisted of participants from multiple studies or sites. Nested random

effects (intercepts) were used to control for cohort and site/study. A flowchart for the statistical models tested

may be found in Supplementary Figure 2. Normalized residuals, accounting for age, sex, and random effects

of cohort and site, were calculated from regression analyses and used for charting.

Demographic variables

As a first test of model accuracy, we examined the correlation between predicted brain age and

chronological age in the healthy control sample. The model accurately predicted chronological age in healthy

individuals (r=0.92). Across the whole sample, a significant correlation between age and PAD was found

(r=-0.2, p<.001), meaning that PAD was higher for younger participants. The negative association between age

and PAD has been shown in numerous papers and may result when there is insufficient information to estimate

brain age while attempting to minimize residuals, resulting in regression to the mean/median.27 There was not

a significant sex difference in PAD (t(538)=-0.4, p=.66). Both age and sex were included as covariates in the

models. Lastly, we examined the association between PAD and years of education, which was non-significant

(t(526)=-1.9, p=.06).

Primary group comparison

We examined differences in PAD between the cmsTBI and control group, covarying for chronological

age and sex. We also compared controls to TBI groups with patients broken into severity categories - cmTBI,

modTBI, and sevTBI.

Sensitivity analyses

Several additional sensitivity analyses were run. First, we excluded cmsTBI participants with lesions

visible on the T1-weighted image (n=152) and those who were scanned <1 year post-injury (n=51). The

rationale for the former is that lesions could lead to errors in the processing pipeline, and we wanted to ensure

results were not due to such bias. The rationale for the latter is that this is a dynamic period during which most

recovery occurs, and there may be diaschisis-related atrophy that is distinct from the more long-term

interaction between aging and TSI.28 We also ran analyses excluding individuals over 60 (age at scan, n=94) to

check a sample with better age matching between patients and controls.

Within-TBI-group analyses

We examined associations between PAD and a number of demographic, clinical, and cognitive variables within

the cmsTBI group.

TSI: To examine a potential accelerated aging effect using cross-sectional data, we examined whether

PAD remained consistent over TSI. We conceptualize accelerated aging as changing (advancing PAD) with

increasing years since the time of injury. We tested linear and nonlinear association with PAD across all

cmsTBI participants with TSI>1 year, TSI>5 years, and TSI>10 years. To determine the shape of nonlinear
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associations, we performed spline interpolation with the gam function in the splines R library, testing 3, 5, and 7

degrees of freedom. We tested this association in these distinct windows of TSI as we would expect that

detectable evidence of accelerated aging may not emerge for a few years after injury. That is, if the

pathological consequences of TBI (proteinopathy, inflammation) are active in chronic TBI, these interacting and

perhaps cumulative effects should be more evident with longer windows of TSI.

Age: Chronological age and TSI are related, making it difficult to tease apart the individual effects of

each on PAD, especially given the known association between chronological age and PAD. In addition, injury

severity and age-at-injury are related (Supplementary Figure 3). To address this, we examined associations

with TSI within separate age brackets, and associations with age within different TSI brackets.

Cognitive performance: We examined associations with cognitive function, specifically performance on

the TMT task (measured using either D-KEFS or HRNB; harmonization described above) and Digit Span.

There were 175 participants in the cmsTBI group with Digit Span data (Digit Span Forward and Backward -

DSF and DSB) and 203 with TMT (81 with D-KEFS and 122 with HRNB, normed separately using 95 controls

with D-KEFS and 72 with HRNB). These analyses were adjusted for age and sex.

Interactions

We tested the following interactions: group × age, group × sex, and within the cmsTBI group, age ×

TSI, TSI × sex, and TSI × education.

APOE analyses

We compared PAD between participants negative for ε4 alleles and individuals either homo- or

heterozygous for the allele across the whole sample and within the cmsTBI group only.

Defining survivor bias

Survivor bias is a pervasive methodological issue that faces any research efforts examining disease

and mortality. This can result in research recruitment of an artificially healthy sample with respect to brain and

behavioral health. Given the link between education and health, longevity, and mortality,29,30 we examined

higher education in our older cohorts as a proxy for survivor bias.

Results
Primary group comparison

Across 540 individuals, the cmsTBI group had a significantly larger PAD than the control group (b=4.99,

p<.001, Figure 2a), indicating a substantial deviation (5 years) between brain age and chronological age with

older appearing brains (advanced aging) in cmsTBI. There was a significant association between PAD and

injury severity group, with more severe injury being associated with greater PAD (b=1.51, p=.019, Figure 2b).
Separated by severity, the cmTBI group showed the smallest group difference (cmTBI: N=288, b=2.3, p=.055;

modTBI: N=248, b=4.4, p=<.001; sevTBI: N=304, b=5.8, p=<.001).
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Sensitivity analyses: The group difference in PAD remained after repeating the analysis while excluding

participants with lesions visible on T1 scans (N=382, b=4.55, p=6.6x10-8) and excluding participants <1 year

post-injury (N=476, b=5.02, p=3.7x10-10). Group differences were larger when individuals >60 years

(age-at-scan) were excluded (N=458, b=5.95, p=8.5x10-12) and slightly smaller when patients injured as

children were included (N=515, b=4.69, p=1.3x10-9).

Within-TBI analyses

TSI: Across all cmsTBI participants more than a year post-injury, there was no linear association

between TSI and PAD (N=276, b=0.14, p=.10), but there was a nonlinear association (b=0.02, p=.04). There

was however, a positive linear association between TSI and PAD across cmsTBI participants more than five

years post-injury (N=109, b=0.25, p=.02) and a non-significant trend in participants more than ten years

post-injury (N=58, b=0.34, p=.057), but no nonlinear associations in either of these age brackets (Figure 3).
Fitting natural splines with 3, 5, or 7 degrees of freedom (DF), we found that both the 3 and 5 DF spline models

were significant (ps<.05) but that the 5 DF model yielded a slight improvement in model fit (based on Akaike

Information Criterion). These curves exhibit an initial increase in brain age, followed by a decrease, followed by

a slow and continuous increase (Figure 3).
Age: The positive association between TSI and PAD did not hold for the individuals who were older at

age-of-scan, in fact it was reversed (Supplementary Figure 4). This inversion, starting around age 65,

suggests that survivor bias may have influenced brain age results in the oldest individuals. There are many

factors that can influence longevity, most of which were not accessible with the data available, with the

exception of education. This possibility of survivor bias in our data is supported by the greater portion of older

individuals (>60 years at age-at-injury) who were highly educated (Bachelor’s degree and up, ISCED level 6+)

(χ2 [6, N=518] = 14.2, p=.028; Supplementary Figure 7 and Supplementary Table 4). Education is a

well-known proxy for cognitive reserve that may mitigate some aging effects.

Cognitive performance: There were no significant associations between PAD and any of the cognitive

tests included across the cmsTBI group (DSF: N=175, p=.48; DSB: N=175, p=.29; TMT-A: N=173, p=.43;

TMT-B: N=173, p=.86). These models were also non-significant when we covaried for education or tested

associations across the full sample.

Interactions

There was a significant group × sex interaction (b=1.63, p=.009, Figure 2c), indicating that group

differences in PAD (cmsTBI vs Controls) were not the same between males and females. Group differences

among females/women (b=4.59, N=179) were slightly smaller than among males/men (b=4.95, N=297). These

remained significant after covarying for TSI or severity. There was also a significant group × age interaction

(b=-0.11, p=.014, Figure 2d), indicating that the group differences were not consistent over adulthood. In fact,

group differences were smaller among older participants. There were no significant interactions between

chronological age × TSI, TSI × sex, or TSI × education in the cmsTBI group.
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APOE analyses

We hypothesized that individuals with at least one APOE ε4 allele would have greater PAD. The

analysis included 56 individuals hetero- or homozygous for the ε4 allele and 110 individuals without an ε4

allele. The hypothesis was not supported; there was no significant difference in PAD based on APOE genotype

in the whole sample or within the cmsTBI group (p=.64 and .48, respectively). There were also no significant

interactions between APOE × group or APOE × age (p=.97 and .40, respectively).

Discussion
Our goal was to examine the effects of remote cmsTBI on brain aging. In a mega-analysis of 540

individuals from 7 cohorts, we show evidence of accelerated brain aging after cmsTBI. Individuals with cmsTBI

showed a PAD five years greater than the control group, consistent with other data in cmsTBI.13,15 These

analyses extend prior work in three ways. First, the current sample included a large number of younger and

older adults with a range of post-injury intervals. While prior work has focused on young to middle aged adults

in the first few years after injury (e.g., mean 28 months post-injury13) or older adults in the late chronic timepoint

(over 10 years post-injury),15 the median age for this study was 41.2 (range 18-85) and a mean TSI of 5.3±6.4

years (range 0.2-34 years) with 198 participants at least 50 years of age (age-at-scan, mean TSI 7.5±7.4

years). Second, there have been mixed findings with respect to the effects of injury severity and brain age,

which are addressed below. Finally, in view of the established role of sex in TBI recovery, the current sample

size allowed us to examine potential sex differences.

Brain age and TSI

The positive association between TSI and PAD supports an accelerated aging effect, with the most

dramatic effects observed after a decade post-injury (Figure 3). These data are consistent with prior work and
extend those findings to a longer post-injury period. Spline interpolation revealed a pattern of initial injury

response and an upward inflection in brain age (1-3 years in our data), followed by a slight decrease in brain

age, perhaps reflecting injury accommodation and compensation, followed by a progressing increase in PAD

around 7 years post-injury. While the year markers reported are biased by the TSI distribution in our sample

(weighted towards TSI<10 years), we present the general shape and progression, which mirrors a biphasic

response to injury observed in other measurements of TBI pathology including serum protein concentration.31

There remain a number of possible interacting variables including blood-brain barrier disruption and

neuroinflammation32, or functional network changes that facilitate functional recovery in the acute stage but

may promote proteinopathy over the long-term.33 Our data are consistent with the idea that brain volumetric

changes post-injury cannot be accounted for by lesion resolution and transsynaptic or Wallerian events, and

are likely attributable to more insidious physiological processes post-injury. While brain age may serve as a

sensitive marker for brain health, future research efforts should clarify the clinical significance of this variable,

establish the critical windows when cortical atrophy is occurring, and define the clinical and demographic

modifiers of post-traumatic increase in PAD as well as its underlying mechanisms.
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Injury severity and PAD

In contrast to others,2,17,18 Cole and colleagues found little evidence of PAD in a single uncomplicated

mild TBI event. On the other hand, a pronounced effect has been seen in cmsTBI.13 With the benefit of a larger

cmsTBI sample, the current results extend these findings, showing a stepwise increase in PAD with injury

severity (Figure 3). This finding is intuitive and consistent with extensive literature supporting a direct

relationship between injury severity and atrophy based on T1w-MRI volumetrics.28

Sex and PAD

There is growing evidence that sex plays a critical role in TBI recovery and outcome.22 The reasons for

observed sex-based disparities in TBI outcome are a growing area of investigation, a welcome transition after

decades of focus on male-only models for TBI.34 While some evidence points to hormonal differences as a

factor contributing,35 mechanisms are still poorly understood. One aspect complicating sex comparisons is that

the mechanism of injury may differ in ways that have implications for outcome.36 With regard to sex and brain

morphometry, recent work in mild TBI revealed no differences.37 Our findings point to modestly greater PAD in

men, although the effect was small (Figure 2c).

Brain age and genetics

Although we hypothesized that APOE ε4 carriers would have a greater PAD compared to non-carriers,

our data show no relationship. Of note, the APOE literature is mixed, with some findings revealing a clear effect

of APOE on brain volumetrics,38 while others show no relationship.39 In one recent examination of over 1100

individuals, examiners showed a differential effect of APOE on brain volume with the ε4 allele based on age,

i.e. a paradoxical <protective= effect in individuals <60 years of age40 that reversed in older age groups. The null

finding in the present data could not be explained by greater injury severity in the non-carriers or sex

differences between subgroups. This null finding should be interpreted cautiously due to limited statistical

power, but may also point to limitations in brain structure-based analysis in assessing functional changes;

where brain organization, including functional connectivity, may better approximate neurological resilience.41

However, this null finding is consistent with a large genetic association study in over 4700 patients with TBI,

which did not replicate the effect of APOE ε4 carrier status on outcome.42

Brain age and behavioral outcome

We observed no significant relationship between the accelerating PAD in cmsTBI and cognitive

functioning, i.e. psychomotor speed, executive functioning, and working memory. This finding is inconsistent

with some prior work,2,13 but generally in line with a long history of incongruence between behavior and brain

structure,43 given the numerous factors responsible for change in brain volume and for behavioral decline,

including the role of neural and cognitive reserves. Therefore, while we did not find cognitive consequences for

advancing PAD, this negative result may be simply due to the fact that neural networks deteriorate prior to the

appearance of clinical changes. In support of this, a recent study showed PAD to be predictive of later

progression to dementia in a typical aging sample.44
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Addressing challenges to external validity

The study of cmsTBI over the lifespan poses natural challenges to study design and subject enrollment.

Subject recruitment in cmsTBI has multiple challenges, including sample bias with regard to socioeconomic

status, sex and race.45 Survivor bias can also impact studies of illness, aging, and mortality, and may amplify

counterintuitive effects.46

In our data, survivor bias may have contributed to the finding that PAD decreases with greater TSI in

the oldest individuals (>65 years of age). Survivor bias is often difficult to track and demonstrate, but we used

uncharacteristic differences in the sample as markers for potential biased sampling. Education is a predictor of

longevity, and a proxy for cognitive reserve, which may serve to increase resilience post-cmsTBI.47 In our data,

there were more individuals with advanced degrees (Bachelor’s and higher) beginning at age 60. One

explanation for this upward inflection in sample education is age-related attrition in less educated individuals

(e.g., due to mortality and dementia48) and greater health and resilience factors associated with advanced

education, which is a modifier of MRI brain volume.49 Aging with TBI is distinct from TBI during aging, partly

because TBIs sustained in older individuals are more likely due to falls (lower impact) than motor vehicles

(higher impact) producing different brain pathology. Moreover, individuals who sustain a TBI during aging (older

age-at-injury), will typically have completed their educational goals and potential, whereas those who are aging

with TBI (younger age-at-injury) may have their educational and career trajectories negatively altered by TBI.

Cross-sectional research addressing questions that are by nature developmental or evolve over a

lifespan have significant limitations, and is the most important limitation of our study. To ideally address the

goals of the current study, large datasets with longitudinal data spanning decades are needed. We also

recognize that a majority of the sample was from participants of white-European descent, and there is a great

need to determine the role of health care access, race, and socioeconomic status on outcomes.45 This is

particularly true given that non-whites are less likely to be represented in the research literature,45 have poorer

clinical outcomes post-TBI,45 and potentially carry a higher risk for Alzheimer’s disease and related

dementias.50 Finally, while the methodology chosen in this study to determine brain age is well validated,13,14

there are multiple additional brain age algorithms that could also be used.8

Conclusions

The current mega-analysis reveals that a single cmsTBI is associated with a PAD of nearly 5 years

along with accelerated aging years after injury. We show a non-linear time course for the initial effects of injury,

followed by relative stability, and then faster progression of brain age in the late chronic phase. Injury severity

showed a stepwise relationship with advancing brain age. There was also a mild influence of sex, with men

showing relatively larger PAD. Longitudinal designs are needed to assess disease progression or mitigation.

Brain age holds promise as a useful biomarker to track changes over time due to its dynamic nature and

amenability to modification with preventive measures (e.g., lifestyle adjustments) and, possibly, treatment.
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Table 1. Cohort Demographics. The total sample size, number of cmsTBI and control participants, male and
female participants, average age (and standard deviation), average time since injury (TSI; in years, and
standard deviation), and range of TSI are shown for each cohort.

Cohort Total N Subgroup N M/F Age (SD) | Range
TSI (in years;

average | range)

Kessler 63
cmsTBI 36 25/11 40.2 (11.2) | 21-65 7.4 (5.8) | 1.4-27

Control 27 12/15 41.2 (10.8) | 21-63 -

LETBI 53
cmsTBI 53 30/23 58.0 (10.3) | 40-85 11.1 (9.2) | 1.2-34.4

Control 0 - - -

Monash 97
cmsTBI 74 60/14 38.3 (14.5) | 20-78 2.1 (3.1) | 0.2-21.1

Control 23 10/13 30.4 | (12.6) 18-69 -

NTNU 113
cmsTBI 45 33/12 32.3 (11.3) | 20-65 2.8 (1.1) | 1.4-5.4

Control 68 50/18 35.2 (14.3) | 19-64 -

Oslo 64
cmsTBI 64 43/21 42.9 (13.1) | 20-67 1.2 (0.4) | 0.6-1.8

Control 0 - - -

PSU 112
cmsTBI 53 36/17 55.4 (16.9) | 20-79 9.3 (6.7) | 0.6-23.6

Control 59 31/28 45.3 (20.2) | 18-84 -

VA Palo Alto 38
cmsTBI 18 10/8 39.9 (13.6) | 24-71 8.1 (5.5) | 0.7-20.2

Control 20 10/10 37.4 (10.2) | 23-54 -

Total 424
cmsTBI 343 237/106 44.5 (16.2) | 20-85 5.3 (6.4) | 0.2-34.4

Control 197 113/84 38.6 (16.2) | 18-84 -
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Figure 1. Participant exclusion flowchart. The number of participants included and various reasons for
exclusion. This information is also detailed by site in Supplementary Table 1.
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Figure 2. Group differences in PAD (A), associations with severity (B), group × sex interaction (C), and
group × age interaction (D). Box/violin plots are shown for group differences in panels A-C, with control group
in red and cmsTBI group in blue (in A, C, and D). Statistics are displayed for each panel. Trendlines in panel D

are linear estimates with 95% confidence intervals in gray.
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Figure 3. Association between PAD and TSI. The associations between time since injury in years and PAD
(normalized residuals - accounting for age, sex, and random effects of cohort | site) are shown for three

post-injury intervals (greater than 1 year, greater than 5 years, and greater than 10 years). Trendlines were

plotted in R 4.2.2 with 95% confidence intervals in gray. There was a significant non-linear relationship with TSI

across all cmsTBI participants more than 1 year post-injury and linear relationships with TSI beginning at 5 and

10 years post-injury. Given the significant nonlinear association, we also added a spline interpolation to better

understand the shape. Using the gam function in the splines R library, we fit a natural spline with 3, 5, and 7

degrees of freedom (DF). The model with 5 DF provided the best fit. AIC=Akaike Information Criterion.
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