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matter degradation, likely due not only to injury but 
also to cumulative effects of other pathologies and to 
their interactions with injury. Age is associated with 
mean anisotropy decreases in the corpus callosum, 
middle longitudinal fasciculi, inferior longitudinal 
and occipitofrontal fasciculi, and superficial frontal 
and temporal fasciculi. Over ∼ 6  months, the mean 
anisotropies of the corpus callosum, left superficial 
frontal fasciculi, and left corticospinal tract decrease 
significantly. Independently of other predictors, age 
and cerebral microbleeds contribute to anisotropy 
decrease in the callosal genu. Chronically, the white 
matter of commissural tracts, left superficial frontal 
fasciculi, and left corticospinal tract degrade appreci-
ably, independently of other predictors. Our findings 
suggest that large commissural and intra-hemispheric 
structures are at high risk for post-traumatic degra-
dation. This study identifies detailed neuroanatomic 
substrates consistent with brain injury patients’ age-
dependent deficits in information processing speed, 
interhemispheric communication, motor coordina-
tion, visual acuity, sensory integration, reading speed/
comprehension, executive function, personality, and 
memory. We also identify neuroanatomic features 
underlying white matter degradation whose severity 
is associated with the male sex. Future studies should 
compare our findings to functional measures and 
other neurodegenerative processes.

Abstract  Little is known on how mild traumatic 
brain injury affects white matter based on age at 
injury, sex, cerebral microbleeds, and time since 
injury. Here, we study the fractional anisotropy of 
white matter to study these effects in 109 participants 
aged 18–77 (46 females, age μ ± σ = 40 ± 17  years) 
imaged within ∼ 1 week and ∼ 6 months post-injury. 
Age is found to be linearly associated with white 
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Introduction

Traumatic brain injuries (TBIs) are brain function dis-
ruptions caused by physical impacts leading to neural 
tissue damage. In industrialized countries, TBIs’ bur-
den on healthcare systems parallels the growing num-
ber of aging adults [1]. Even in mild TBI (mTBI), 
injury effects can be profound and long-lasting because 
TBI accelerates brain aging while increasing the risk for 
neurodegenerative diseases like Alzheimer’s demen-
tia. Every year, ∼2.8 million Americans experiencing 
TBIs seek medical attention, with substantial age and 
sex disparities among them. Whereas males are more 
commonly affected [2], older adults’ TBI vulnerability 
translates into their poorer clinical outcomes compared 
to all other age groups [3–5]. Because these outcomes 
reflect neural and cognitive deficits, delineating how 
sex- and age-related brain connectivity changes drive 
these deficits could help to inform future strategies for 
the mitigation of TBI sequelae.

The Glasgow Coma Scale (GCS) categorizes TBIs 
as mild, moderate, or severe, and mTBIs account for 
70–90% of all cases [6, 7]. In acute geriatric TBI, sus-
ceptibility-weighted imaging (SWI, a type of magnetic 
resonance imaging sensitive to ferromagnetic com-
pound deposits) frequently reveals cerebral microbleeds 
(CMBs, biomarkers of blood–brain barrier breakdown). 
CMB incidence increases with age due to blood ves-
sel stiffening and to increases in blood–brain barrier 
permeability, both phenomena contributing to CMB 
risk [8]. Aside from occurring more frequently after 
geriatric mTBI, CMBs can be associated with persis-
tent brain circuitry abnormalities, including white mat-
ter (WM) degradation. Although age and sex modulate 
such degradation, the relationship between CMBs and 
WM trajectories is largely unknown [9]. Understand-
ing this relationship could help to reduce disparities in 
the neurocognitive outcome as a function of sex, age, 
CMB findings, and mTBI stage. Furthermore, quantify-
ing the statistical effects of the latter factors upon WM 
degradation can complement our understanding of 
how neurophysiological, cognitive, and affective TBI 
sequelae are underlain by brain circuitry.

The first aim of this cohort study is to assess, 
across the first ∼6  months post-injury, the statistical 
effects of age at injury, sex, and CMBs on fractional 
anisotropy (FA), a diffusion MRI measure reflecting 
WM properties. For major WM structures, we investi-
gate how sex, age at injury, and CMBs predict mean FA 
at the acute and chronic stages of mTBI (within ∼7 days 
and ∼6 months post-injury, respectively). Our second 
aim is to study whether mean FA decreases signifi-
cantly across the follow-up period above and beyond 
the effects of age, sex, and CMBs. We highlight how 
these variables modulate WM changes and explore 
how the latter may reflect the most common neuro-
physiological, cognitive, and affective outcomes of 
TBI patients. This is the first study to explore, in a 
systematic fashion, how age at injury, sex, CMBs, and 
their statistical interactions contribute to post-trau-
matic WM degradation.

Materials and methods

Study design and participants

This study was undertaken in adherence to the US Code 
of Federal Regulations (45 CFR 46) and with approval 
from the Institutional Review Board at the University of 
Southern California. Participants were recruited through 
community outreach via advertisements and flyers and/or 
with the assistance of healthcare professionals who had 
referred volunteers for neuroimaging and neurocognitive 
assessments. All subjects who satisfied inclusion criteria 
and who could provide written informed consent were 
invited to participate. Inclusion criteria included (1) an 
acute GCS score of at least 13 upon initial evaluation 
( � ± � = 14 ± 1), (2) MRIs acquired within ∼1  week 
and ∼6  months post-injury, (3) a TBI related to a 
ground-level fall involving direct head trauma, (4) loss 
of consciousness (LOC) shorter than 30 min ( � ± � ≃ 
9 ± 4 min), and (5) post-traumatic amnesia shorter than 
24 h ( � ± � ≃ 3.6 ± 2.1 h). Exclusion criteria included 
(1) imaging findings other than CMB-related SWI 
hypointensities and (2) a documented clinical history of 
pre-traumatic neurological disease, psychiatric disorder, 
or drug/alcohol abuse. Cases of larger intracranial 
hemorrhage identified from SWIs were excluded. A total 
of 109 mTBI participants (46 females; age µ = 40.2 years 
(y), σ = 16.7 y, range: 18–79 y) were included.
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Neuroimaging

Two sets of magnetic resonance imaging (MRI) scans 
were acquired acutely ( ∼7  days) and at ∼6  months 
follow-up after injury. T1 MRIs were acquired using a 
3D magnetization-prepared rapid acquisition gradient 
echo sequence [repetition time (TR) = 1950 ms; echo 
time (TE) = 2.98  ms; inversion time (TI) = 900  ms; 
voxel size = 1.0  mm × 1.0  mm × 1.0  mm]. T2 MRIs 
were acquired using a 3D sequence (TR = 2500  ms; 
TE = 360  ms; voxel size = 1.0  mm × 1.0  mm × 1.0  m
m). Flow-compensated SWI volumes were acquired 
axially (TR = 30  ms; TE = 20  ms; voxel size = 1.3
3  mm × 1.33  mm × 1.6  mm). Diffusion-weighted 
images (DWIs) were acquired axially in 64 gradi-
ent directions (TR = 8,300  ms; TE = 72  ms; voxel 
size = 2.7  mm × 2.7  mm × 2  mm). Scans were de-
identified and de-linked to preserve participants’ 
confidentiality.

Preprocessing

DWIs were processed using 3DSlicer. DTIPrep was 
used with default parameters to correct eddy current 
and patient motion artifacts. Brain masks were cre-
ated from DWI using SlicerDMRI. BRAINSFit was 
used for affine registration of both skull-stripped 
DWIs and B0 volumes to T1 volumes. Tractography 
was performed using unscented Kalman filter (UKF) 
two-tensor tractography and whole-brain seed-
ing, with one seed per voxel and default parameters. 
UKF tractography is a deterministic fiber tracking 
method that fits two tensors at each step while track-
ing. Unlike single tensor deterministic tractography, 
where voxels are treated as independent and pathways 
are reconstructed by tracking in the direction of the 
principal eigenvector, two-tensor UKF tractography 
uses information from previous positions to guide 
model estimation and tracking at the current position. 
UKF tractography is very consistent in tracking fibers 
based on diffusion MRI data from independent sam-
ples across ages, health conditions, and image acqui-
sitions [10]. FAs were calculated from UKF-derived 
tensors.

CMB identification

At least three expert raters with training in CMB 
identification found and segmented each CMB 
on SWI. CMBs were defined as small, intraparen-
chymal, round/ovoid SWI hypointensities distinct 
from blood vessels. Hypointensities connected to 
the exterior boundary of the brain were not labeled 
because CMBs are not connected to meninges. 
CMB labeling discrepancies were resolved by con-
sensus. The distance between each cortical mesh 
vertex and the closest CMB was calculated for each 
subject, and this distance was plotted on the cortical 
surface. Such cortical maps were transformed to a 
common average template (atlas) and averaged over 
subjects to generate an average map of expected 
CMB proximities.

Cortical reconstruction and WM analysis

Automatic T1 MRI segmentation was applied in Free-
Surfer 6.0 (https://​surfer.​nmr.​mgh.​harva​rd.​edu/) with 
default parameters. FreeSurfer (A) strips non-cortical 
voxels using a hybrid-watershed deformation proce-
dure, (B) normalizes image intensities, (C) registers 
images into Talairach space, (D) segments WM and 
gray matter (GM), (E) tessellates the WM/GM bound-
ary, and (F) corrects topological inaccuracies. WM 
parcellation was performed using an anatomically 
curated fiber clustering pipeline [11]. Input tractog-
raphy data were affinely registered to the O’Donnell 
Research Group tractography atlas (http://​dmri.​slicer.​
org/​atlas​es/). WM tracts were identified automatically 
in each subject using the WM Analysis (WMA) pack-
age. WMA uses machine learning to identify sub-
jects’ WM tracts based on neuroanatomist-curated 
WM atlas. The atlas contains 58 deep WM tracts 
including major long-range association and projection 
tracts, commissural tracts, tracts related to the brain-
stem and cerebellar connections, and 198 short- and 
medium-range superficial fiber clusters organized into 
16 categories according to the brain lobes that they 
connect. The left and right cortico-ponto-cerebellar 
tracts were treated as a single structure. Potential false 
positive tracts were annotated automatically to filter 
out outlier fibers. The mean FA of each WM structure 
was calculated.
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Feature selection

Data dimensionality was reduced using a strategy pro-
posed by Jolliffe [12, 13, 14] and adapted to our needs. 
Specifically, the mean FAs of each WM structure were 
assembled in an N × M matrix ( N = 109 and M = 73 are 
the number of subjects and structures, respectively). A 
principal component analysis (PCA) with varimax rota-
tions was applied to this matrix to identify the propor-
tion of variance explained by each PC, which weighted 
each WM structure’s contribution to the total variance. 
PCs were sorted in decreasing order by their explained 
variance, and PCs which together accounted for at least 
50% of the variance were retained. Each retained PC 
was inspected to determine which WM structures’ PC 
weights had the largest magnitude, and only those struc-
tures were retained. Thus, WM structures were retained 
based on PC weight magnitudes, subject to the con-
straint that both left and right portions of each structure 
had to have relatively large magnitudes. Thus, if a struc-
ture had a large magnitude for the left—but not for the 
right—hemisphere, the structure in question was not 
retained. By contrast, if a structure’s left and right por-
tions both had relatively large magnitudes, the structure 
was retained. This strategy ensured that only WM struc-
tures affected by TBI bilaterally were retained. This 
allowed us to investigate global—rather than unilat-
eral—TBI effects. Whereas the latter can be of interest, 
their existence is more confounded by primary injury 
location. In samples like ours, unilateral effects are more 
likely driven by focal injury location rather than by the 
greater global vulnerability of WM structures to injury. It 
was also deemed judicious to focus on bilateral changes 
in WM fasciculi partly because (1) no information on 
primary injury locations (e.g., accelerometry data and 
neurological examinations) was available and (2) such 
information could confound our data in ways we could 
not quantify. After statistical feature selection, the seven 
Witelson subdivisions of the corpus callosum (CC) were 
combined based on whether they belonged to the genu 
(GCC), body (BCC), or splenium (SCC), thus reducing 
the number of CC structures in the analysis from seven to 
three. This was done to facilitate interpretation of results 
and comparison with previous studies, which typically 
describe findings pertaining to the GCC, BCC, and/or 
SCC rather than to Witelson subdivisions.

Analysis 1

We examined the relationship between sex, age, and 
CMB count, on the one hand, and WM mean FA, on 
the other hand. The mean FAs of the left and right 
parts of the WM structures of interest were included 
as a set of bivariate outcomes in a multivariate 
analysis of variance (MANOVA) whose independ-
ent variables were the participants’ ages, sexes, and 
CMB counts. The omnibus null hypothesis stated 
that both bivariate regression coefficients are identi-
cally equal to zero, i.e., that there is no statistical 
relationship between the mean FAs of the left and 
right WM structures, on the one hand, and partici-
pants’ ages, sex, and CMBs counts, on the other 
hand. We explored each predictor’s contribution 
to the multivariate main effect, above and beyond 
all other predictors’ contributions. Data associated 
with the first (i.e., acute) and second (i.e., chronic) 
time points were analyzed separately. The null 
hypothesis was tested at � = 0.05. Both confidence 
intervals (CIs) for test statistics and p-values were 
computed. Effect sizes were assessed using Cohen’s 
�
2 , and post-hoc statistical power was estimated.

Analysis 2

We implemented a repeated-measures MANOVA 
where age, sex, and CMB counts (independent vari-
ables) predicted mean FA changes (dependent vari-
ables) within the left and right portions of each WM 
structure. We used Hotelling’s T2 test for paired 
multivariate samples to identify WM structures 
whose mean FAs changed significantly by testing 
the omnibus null hypothesis of no mean FA change 
within each WM structure. Like in analysis 1, test 
statistics, CIs, p-values, Cohen’s �2 , and post-hoc 
statistical power were calculated.

Analysis 3

Using MANOVA, we investigated whether each 
predictor (age, sex, or CMB count) contributed sig-
nificantly, above and beyond all other predictors, to 
mean FA changes within WM structures.
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Results

Feature selection

Three PCs were retained because their sum was suffi-
cient to explain ∼50% of the mean FA variance (PC1: 
39.6%; PC2: 5.3%; PC3: 4.7%). Our feature selection 
strategy identified ten WM structures for analysis: 
the GCC, BCC, SCC, inferior longitudinal fasciculus 
(ILF), middle longitudinal fasciculus (MdLF), infe-
rior occipitofrontal fasciculus (IOFF), the corticospi-
nal tract (CST), as well as superficial frontal (Sup-F), 
parietal (Sup-P), and temporal (Sup-T) fasciculi.

CMB locations

After computing the distance between each corti-
cal mesh vertex and the closest CMB, this distance 
was plotted on the cortical surface for each sub-
ject and results were averaged across subjects to 
generate an average map of expected CMB prox-
imities. This map (Fig.  1) revealed that, on aver-
age, CMBs could be localized close to the cortical 

surface within (A) the lateral and medial aspects 
of the frontal and parietal lobes, (B) orbitofron-
tal cortex, (C) the left medial temporal lobe, (D) 
the insula, and (E) right temporo-parieto-occipital 
junction. Within the cortical regions where most 
CMBs occurred, the average shortest distance 
between the cortex and the nearest CMB was 
μ ± σ = 7.1 ± 1.8 mm.

Analysis 1

MANOVA identified WM structures whose mean 
FAs were significantly associated with sex, age, and 
CMB counts (Table  1, Figs.  2, 3, and 4). For the 
acute timepoint, Table 1 shows a multivariate main 
effect of age on the GCC (F2, 104 = 19.85, p < 0.001, 
�
2 = 0.28), BCC (F2, 104 = 9.07, p < 0.001, �2 = 0.21), 

and SCC (F2, 104 = 4.03, p = 0.021, �2 = 0.07), on the 
ILFs (F2, 104 = 4.20, p = 0.02, �2 = 0.07), MdLFs 
(F2, 104 = 4.25, p = 0.017, �2 = 0.08), Sup-F fasciculi 
(F2, 104 = 8.09, p = 0.001, �2 = 0.14), and Sup-T fas-
ciculi (F2, 104 = 13.70, p < 0.001, �2 = 0.21). Table 1 
also indicates a multivariate main effect of sex on 

Fig. 1   Cortical map of average shortest distances from the 
GM/WM interface to the nearest CMB. To generate this map, 
the distance between each cortical mesh vertex and the clos-
est CMB was calculated for each subject, and this distance was 
plotted on the cortical surface. The subjects’ cortical maps 
were transformed to a common average template (atlas) and 
averaged over to generate the map above. CMBs were local-

ized near the cortical surface within the lateral and medial 
aspects of the frontal and parietal lobes, orbitofrontal cortex, 
the temporal lobes, the insulae, and the right temporo-parieto-
occipital junction. Within these cortical regions, the average 
shortest distance between the cortex and the nearest CMB was 
μ ± σ = 7.1 ± 1.8 mm
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Table 1   Results of the 
multivariate analysis of 
variance (MANOVA, 
statistical analysis 1)

Structure Timepoint Variable F2, 104 p �
2 Power

GCC​ Acute Age 19.85 0.001 0.28 1.00
Sex 0.04 0.958 0.00 0.06
CMBs 0.87 0.423 0.02 0.20

Chronic Age 22.70 0.001 0.30 1.00
Sex 0.21 0.808 0.00 0.08
CMBs 0.21 0.812 0.00 0.08

BCC Acute Age 9.07 0.001 0.21 1.00
Sex 0.62 0.604 0.02 0.18
CMBs 0.85 0.468 0.02 0.23

Chronic Age 6.82 0.001 0.17 0.97
Sex 1.81 0.150 0.05 0.46
CMBs 0.03 0.993 0.00 0.05

SCC Acute Age 4.03 0.021 0.07 0.71
Sex 0.87 0.424 0.02 0.20
CMBs 1.08 0.342 0.02 0.24

Chronic Age 0.40 0.671 0.01 0.11
Sex 0.54 0.585 0.01 0.14
CMBs 0.38 0.688 0.01 0.11

ILF Acute Age 4.20 0.020 0.08 0.73
Sex 1.85 0.162 0.03 0.38
CMBs 1.04 0.259 0.02 0.23

Chronic Age 3.26 0.042 0.06 0.61
Sex 0.32 0.725 0.01 0.10
CMBs 0.72 0.042 0.06 0.61

MdLF Acute Age 4.25 0.017 0.08 0.73
Sex 2.34 0.102 0.04 0.46
CMBs 0.54 0.587 0.01 0.14

Chronic Age 3.20 0.045 0.06 0.60
Sex 1.00 0.371 0.02 0.22
CMBs 2.73 0.070 0.05 0.53

IOFF Acute Age 0.43 0.653 0.01 0.12
Sex 1.26 0.287 0.02 0.27
CMBs 1.44 0.242 0.03 0.30

Chronic Age 0.12 0.886 0.00 0.07
Sex 5.59 0.005 0.10 0.85
CMBs 1.14 0.249 0.03 0.30

Sup-F Acute Age 8.09 0.001 0.14 0.95
Sex 1.19 0.309 0.02 0.26
CMBs 0.44 0.643 0.01 0.12

Chronic Age 5.64 0.005 0.10 0.85
Sex 1.28 0.283 0.02 0.27
CMBs 0.14 0.879 0.00 0.07
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Sup-T fasciculi (F2, 104 = 3.26, p = 0.042, �2 = 0.06) 
at the acute timepoint. For the chronic timepoint, 
Table 1 indicates a multivariate main effect of age 
on the GCC (F2, 104 = 22.70, p < 0.001, �2 = 0.30) 
and BCC (F2, 104 = 6.82, p < 0.001, �2 = 0.17), on the 
ILFs (F2, 104 = 3.26, p = 0.042, �2 = 0.06), MdLFs 
(F2, 104 = 3.20, p = 0.045, �2 = 0.06), Sup-F fasciculi 
(F2, 104 = 5.64, p = 0.005, �2 = 0.10), and Sup-T fas-
ciculi (F2, 104 = 13.70, p < 0.001, �2 = 0.21). Table 1 
also reports a multivariate main effect of sex on the 
IOFFs (F2, 104 = 5.59, p = 0.001, �2 = 0.14) for the 
chronic timepoint. CMB counts had no significant 
effects on mean FAs at either timepoint.

Analysis 2

Repeated-measures MANOVA identified signifi-
cant mean FA changes (Table  2, Figs.  1, 2, 3, and 
4) within the anterior BCC (Hotelling’s T2

108
 = 3.04, 

p = 0.003, Cohen’s d = 0.29), posterior BCC ( T2

108
 = 

2.68, p = 0.009, d = 0.26) and SCC ( T2

108
 = 2.47, p = 

0.015, d = 0.24), the left Sup-F fasciculi ( T2

108
 = 2.72, 

p = 0.008, d = 0.26), and the left branch of the CST 
( T2

108
 = 2.77, p = 0.007, d = 0.27). CMB counts had 

no significant effects on mean FA changes. WM fas-
ciculi with significant findings are displayed together 
for simultaneous illustration in Fig. 5.

Analysis 3

Factorial MANOVA revealed the significant indi-
vidual contributions of age, sex, or CMB count 
to mean FA changes (Table  3) above and beyond 
those of other contributions. For the acute time-
point, there was a multivariate main effect of age 
on the BCC (F45, 11 = 2.61, p = 0.04, �2 = 0.91), but 
no significant interactions. For the chronic time-
point, there was a multivariate main effect of age 
on the GCC (F46, 11 = 5.52, p  < 0.001, �2 = 0.96), 
BCC (F46, 11 = 3.99, p = 0.01, �2 = 0.94), and 
MdLFs (F46, 11 = 2.61, p = 0.04, �2 = 0.92). There 
was also a multivariate main effect of CMB count 
on the BCC (F7, 11 = 3.33, p = 0.04, �2 = 0.68) and 
MdLFs (F7, 11 = 3.34, p = 0.04, �2 = 0.68). We iden-
tified a significant age-by-sex interaction on the 
GCC (F6, 11 = 3.92, p = 0.02, �2 = 0.68) and a sig-
nificant age-by-CMB-count interaction on the GCC 
(F21, 11 = 3.02, p = 0.03, �2 = 0.85).

Discussion

Aside from statistical analyses, our study provides 
convenient visualizations of the strongest spatiotem-
poral associations between WM fasciculi and effects 

The mean FAs of the left and right WM structures of interest were included as one bivariate 
vector of dependent variables. Participants’ ages, sex, and CMB counts were independent 
variables. Acute and chronic data were acquired ∼ 7  days and ∼ 6  months post-injury, 
respectively. Null hypotheses were tested at a significance level of � = 0.05, and significant 
findings are in  bold case. F statistics with 2 and 104 degrees of freedom, effect sizes (Cohen’s 
�
2 ), and statistical power are listed

BCC, body of the corpus callosum; CMB, cerebral microbleed; CST, corticospinal tract; FA, frac-
tional anisotropy; GCC​, genu of the corpus callosum; ILF, inferior longitudinal fasciculus; IOFF, 
inferior occipitofrontal fasciculus; MdLF, middle longitudinal fasciculus; SCC, splenium of the 
corpus callosum; Sup-F, superficial frontal; Sup-P, superficial parietal; Sup-T, superficial tempo-
ral; WM, white matter

Table 1   (continued) Structure Timepoint Variable F2, 104 p �
2 Power

Sup-T Acute Age 8.76 0.001 0.14 0.97

Sex 3.26 0.042 0.06 0.61

CMBs 0.12 0.886 0.00 0.07

Chronic Age 13.70 0.001 0.21 1.00

Sex 0.32 0.729 0.01 0.10

CMBs 0.45 0.641 0.01 0.12
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Fig. 2   WM fasciculi whose 
mean FAs are significantly 
associated with age at 
injury either acutely or 
chronically. Fiber trajecto-
ries are encoded by colors 
(red: left–right; green: 
anterior–posterior; blue: 
inferior-superior). Axial, 
sagittal, and coronal views 
of WM structures are super-
imposed on a translucent 
model of the brain. The gyri 
and sulci connected by the 
corresponding WM path-
ways are also displayed. (A) 
GCC damage is associated 
with deficits of functions 
localized to the frontal and 
prefrontal cortex, includ-
ing executive function and 
interhemispheric communi-
cation [24]. (B) BCC dam-
age is frequently associated 
with somatomotor deficits 
[26]. (C) SCC injury can 
result in damage to circuits 
mediating visual, auditory, 
and somatosensory func-
tion, as well as multimodal 
sensory integration [25]
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Fig. 3   Like Fig. 2, for the 
MdLF, ILF, and IOFF. (A) 
MdLF damage can result in 
deficits of attention [31] and 
both visual and auditory 
information processing 
[30]. (B) ILF injury may be 
associated with deficits in 
the processing of complex 
information associated with 
visual object recognition 
[35]. (C) IOFF degradation 
may result in damage to 
visual and motor pathways 
[35]
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due to age, sex, and time (Fig. 5). In what follows, we 
discuss these and related findings as they pertain to 
effects associated with age, sex, CMBs, biomechan-
ics, demyelination, and natural aging.

Age effects

Whereas the literature on age-related effects in mod-
erate-to-severe TBI is extensive, studies like ours 
on how age at injury modulates mild TBI sequelae 
remain scarce. Nevertheless, extensive research sup-
ports our findings on the progressive effects of age at 
injury on TBI-related WM degradation and on sub-
sequent cognitive and functional impairments [15–20, 
21, 22, 23]. Below, we describe age-related WM 

alterations after mTBI and postulate their potential 
associations with cognitive and functional impair-
ment based on this existing body of knowledge.

Our results suggest that age at injury has a linear 
association with CC degradation (Table 1), likely due 
not only to TBI, but also to the accumulative effect 
of other pathologies and to their interactions with 
TBI. The associations between mean FA decrease in 
the GCC and BCC and this variable are significant. 
Furthermore, age at injury is associated with signifi-
cantly lower mean FA in the SCC at the acute—but 
not chronic—timepoint. WM degradation observed 
both acutely and chronically in the GCC could be 
associated with motor coordination decline [24], such 
that our findings may underscore how injuries to this 
WM structure can translate into neurological deficits 

Table 2   Results of paired-sample t-tests for the null hypothesis of no change in mean FA between the acute and chronic time points 
(statistical analysis 2)

The mean µ and standard deviation σ of the time difference in mean standardized residuals for mean FA are listed. The null hypoth-
esis was tested at a significance level of � = 0.05, and significant findings are displayed in bold case. Hotelling’s T2 statistics with 
108 degrees of freedom, effect sizes (Cohen’s d), and statistical power are listed
BCC, body of the corpus callosum; CST, corticospinal tract; GCC​, genu of the corpus callosum; ILF, inferior longitudinal fascicu-
lus; IOFF, inferior occipitofrontal fasciculus; MdLF, middle longitudinal fasciculus; SCC, splenium of the corpus callosum; Sup-F, 
superficial frontal; Sup-P, superficial parietal; Sup-T, superficial temporal

Structure � � 95% CI T
2

108
  p   d

Anterior GCC​ 0.00 0.77 [− 0.14, 0.15] 0.00 0.998 0.00
Posterior GCC​ 0.04 0.60 [− 0.07, 0.16] 0.75 0.458 0.07
Anterior BCC 0.06 0.63 [− 0.06, 0.18] 1.04 0.302 0.10
Middle BCC 0.20 0.68 [− 0.07, 0.33] 3.04 0.003 0.29
Posterior BCC 0.20 0.79 [− 0.05, 0.35] 2.68 0.009 0.26
Anterior SCC 0.04 0.75 [− 0.10, 0.18] 0.55 0.587 0.05
Posterior SCC 0.19 0.81 [− 0.04, 0.35] 2.47 0.015 0.24
Left ILF 0.04 0.57 [− 0.07, 0.14] 0.64 0.524 0.06
Right ILF 0.04 0.72 [− 0.10, 0.17] 0.54 0.587 0.05
Left MdLF 0.06 0.84 [− 0.10, 0.22] 0.76 0.452 0.07
Right MdLF 0.13 0.72 [− 0.01, 0.26] 1.90 0.063 0.18
Left Sup-F 0.17 0.67 [− 0.05, 0.20] 2.72 0.008 0.26
Right Sup-F 0.08 0.66 [− 0.04, 0.21] 1.30 0.197 0.12
Left Sup-T 0.04 0.96 [− 0.14, 0.23] 0.46 0.643 0.04
Right Sup-T 0.11 0.96 [− 0.08, 0.29] 1.16 0.247 0.11
Left Sup- P 0.11 0.73 [− 0.03, 0.24] 1.53 0.129 0.15
Right Sup-P 0.08 0.64 [− 0.04, 0.20] 1.32 0.190 0.13
Left IOFF 0.01 0.79 [− 0.14, 0.16] 0.11 0.913 0.01
Right IOFF 0.12 0.77 [− 0.03, 0.27] 1.60 0.113 0.15
Left CST 0.22 0.84 [− 0.06, 0.38] 2.77 0.007 0.27
Right CST 0.09 0.88 [− 0.07, 0.26] 1.11 0.268 0.11
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Fig. 4   Like Fig. 2, for the 
Sup-F, Sup-T, and CST. (A) 
Sup-F fasciculi affected by 
injury can result in deficits 
of executive control [28]. 
(B) Sup-T fasciculi, when 
affected significantly by 
injury, may result in deficits 
pertaining to the recogni-
tion of faces and objects. 
(C) CST damage can affect 
the functions of the primary 
somatomotor cortex [40]
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whose typical severity increases with age. Older 
adults’ significantly lower mean FA in the GCC and 
SCC have been associated with declines in reading 
speed and comprehension [25], two cognitive abilities 
that rely on the speed of interhemispheric information 
transfer, a key CC function. Funnell et al. [26] found 
that the anterior midbody of the CC transmits motor 
information, whereas the posterior midbody transmits 
somatosensory information between hemispheres. 
Ota et al. [27] showed that age at injury is correlated 
with the FAs of the GCC and anterior BCC. Thus, 
our results indicate that mTBI may accelerate aging-
related WM FA decrease in the CC and could contrib-
ute to a faster decline of motor functioning, process-
ing speed, and interhemispheric information transfer.

Whereas superficial WM tracts are challenging 
to investigate due to their structural complexity and 

inter-subject variability, our study benefits from an 
approach with validated high consistency in map-
ping such tracts. Aside from the CC, Sup-F and 
Sup-T fasciculi also exhibit mean FA decreases 
whose magnitudes increase with age (Table  1). 
Sup-F fasciculi consist of relatively short-range con-
nections between ipsilateral frontal areas, whereas 
Sup-T fasciculi connect GM regions within tempo-
ral lobes (Fig. 4). In agreement with our findings of 
reduced mean FA within superficial WM, a study 
of youths aged 8–22 by Stojanovski et al. [28] con-
cluded that mTBI damage can lead to FA decreases 
within superficial WM and to connectivity damage 
typically associated with deficits of attention and 
processing speed. Our findings complement these 
and suggest that WM integrity reductions in the 
superficial WM of pediatric TBI patients are simi-
lar to those observed in adulthood. Future studies 
should explore if these structural findings translate 
into attention and processing speed deficits.

The evidence on the existence of a spatial gradient 
in age-related superficial WM reductions is equivo-
cal. Phillips et al. [29] found an anteroposterior gradi-
ent of age-related FA reductions in superficial fron-
tal WM which, they suggested, is more vulnerable to 
aging effects than that in occipital areas. By contrast, 
Table  1 and Fig.  4 suggest that, relative to anterior 
Sup-F fasciculi ( �2 = 0.10), posterior Sup-T fas-
ciculi experience larger mean FA decreases with age 
( �2 = 0. 21). Thus, more research on the existence of 
an anteroposterior gradient in age-related superficial 
WM changes is needed.

Compared to younger participants, older adults 
exhibited lower mean FAs in the MdLFs and ILFs, 
both acutely and chronically (Table  1). The MdLF 
is a major pathway in the dorsal stream of semantic 
processing, with roles in language comprehension, 
visuospatial integration, attentional processing, and 
audiovisual integration. Herbert et  al. [30] describe 
the ILF as a significant component of the semantic 
ventral stream and indicate that structural IF altera-
tions are associated with semantic/lexical retrieval 
impairments and visual agnosia. Goldstein and Levin 
[31] highlight that older adults’ effortful attention and 
language processing (i.e., visual naming and word 
association) are significantly impaired after mTBI. 
Thus, the relationship found here between older age 
and larger mean FA decreases in the MdLFs and ILFs 

Fig. 5   Simultaneous visualization of WM structures with 
the most significant statistical associations. Displayed are 
WM fasciculi with the most statistically significant associa-
tions between mean FA, on the one hand, and (A) age, (B) 
sex, as well as (C) time, on the other hand. These depictions 
emphasize the potential WM degradation substrates of post-
traumatic executive dysfunction (as reflected in the vulnerabil-
ity of Sup-F fasciculi to injury), audiovisual impairment and 
attention deficits (highlighted by WM degradation within the 
MdLF), and motor deficits (underlined by degeneration of the 
CST). Axial, sagittal, and coronal views of each WM structure 
are superimposed on translucent models of the GM surface
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could underlie post-traumatic deficits in attention and 
language processing.

Within both the CC and superficial cerebral fas-
ciculi, WM degradation occurs with typical aging. 
We found the GCC to be more susceptible to deg-
radation than the SCC, both acutely and chronically 

(Table 2). However, because this effect has also been 
documented in normal aging, it is possible that TBI 
only accelerates post-traumatic CC degradation 
already underway due to aging. Similarly, the mean 
FA of superficial WM tracts was found to decrease 
with both age and injury chronicity (Tables 1 and 2). 

Table 3   Results of 
MANOVA investigating 
whether each predictor 
(age, sex, or CMB count) 
contributed significantly, 
above and beyond the 
contributions of all other 
predictors, to the changes 
in FA means observed 
in various structures 
(statistical analysis 3)

Structure Stage Variable(s) F df1 df2 p �
2 Power

GCC​ Acute CMB 1.20 7 11 0.38 0.43 0.31

Age 1.82 45 11 0.14 0.88 0.64

Sex 0.67 2 10 0.54 0.12 0.13

Sex × age 0.64 6 11 0.70 0.26 0.17

CMBs × age 1.38 22 11 0.30 0.73 0.45

Chronic CMB 0.73 7 11 0.65 0.32 0.19

Age 5.52 46 11 0.01 0.96 1.00

Sex 0.16 2 10 0.86 0.03 0.07

Sex × age 3.92 6 11 0.02 0.68 0.81

CMB × age 3.02 21 11 0.03 0.85 0.85

BCC Acute CMB 1.14 7 11 0.41 0.42 0.29

Age 2.61 45 11 0.04 0.91 0.83

Sex 0.01 3 9 1.00 0.00 0.05

Sex × age 1.85 6 11 0.18 0.50 0.45

CMB × age 1.00 22 11 0.53 0.67 0.33

Chronic CMB 3.33 7 11 0.04 0.68 0.76

Age 3.99 46 11 0.01 0.94 0.96

Sex 1.04 3 9 0.42 0.26 0.20

Sex × age 1.68 6 11 0.22 0.48 0.41

CMB × age 1.89 21 11 0.14 0.78 0.61

SCC Acute CMB 0.61 7 11 0.74 0.28 0.17

Age 1.34 45 11 0.31 0.85 0.48

Sex 0.03 2 10 0.97 0.01 0.05

Sex × age 0.46 6 11 0.82 0.20 0.13

CMB × age 0.61 22 11 0.85 0.55 0.20

Chronic CMB 1.14 7 11 0.41 0.42 0.29

Age 2.33 46 11 0.06 0.91 0.78

Sex 1.20 2 10 0.34 0.19 0.21

Sex × age 1.37 6 11 0.31 0.43 0.34

CMB × age 1.79 21 11 0.16 0.77 0.58

ILF Acute CMB 1.82 7 11 0.18 0.54 0.46

Age 2.49 45 11 0.05 0.91 0.81

Sex 0.24 2 10 0.79 0.05 0.08

Sex × age 1.11 6 11 0.42 0.38 0.27

CMB × age 1.91 22 11 0.13 0.79 0.62

Chronic CMB 2.75 7 11 0.07 0.64 0.66

Age 1.03 46 11 0.52 0.81 0.37

Sex 0.46 2 10 0.64 0.08 0.11

Sex × age 2.16 6 11 0.13 0.54 0.52

CMB × age 1.21 21 11 0.39 0.70 0.39
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Table 3   (continued) Structure Stage Variable(s) F df1 df2 p �
2 Power

MdLF Acute CMB 1.53 7 11 0.25 0.49 0.39

Age 1.20 45 11 0.39 0.83 0.43

Sex 1.15 2 10 0.35 0.19 0.20

Sex × age 0.89 6 11 0.53 0.33 0.22

CMB × age 1.24 7 11 0.37 0.71 0.41

Chronic CMB 3.34 45 11 0.04 0.68 0.76

Age 2.61 2 10 0.04 0.92 0.83

Sex 0.85 6 11 0.45 0.15 0.16

Sex × age 0.85 22 11 0.56 0.32 0.21

CMB × age 1.51 7 11 0.24 0.74 0.49

IOFF Acute CMB 0.52 46 11 0.81 0.25 0.15

Age 1.09 45 11 0.47 0.82 0.39

Sex 1.11 2 10 0.37 0.18 0.19

Sex × age 1.11 6 11 0.42 0.38 0.27

CMB × age 1.17 22 11 0.41 0.70 0.38

Chronic CMB 0.71 7 11 0.66 0.31 0.19

Age 1.06 46 11 0.49 0.82 0.38

Sex 1.46 2 10 0.28 0.23 0.24

Sex × age 0.83 6 11 0.57 0.31 0.21

CMB × age 1.16 21 11 0.41 0.69 0.38

Sup-F Acute CMB 1.35 7 11 0.31 0.46 0.35

Age 1.59 45 11 0.21 0.87 0.57

Sex 0.31 2 10 0.74 0.06 0.09

Sex × age 1.23 6 11 0.36 0.40 0.30

CMB × age 2.15 22 11 0.09 0.81 0.68

Chronic CMB 2.55 7 11 0.08 0.62 0.62

Age 2.50 46 11 0.05 0.91 0.81

Sex 1.83 2 10 0.21 0.27 0.29

Sex × age 2.74 6 11 0.07 0.60 0.63

CMB × age 1.79 21 11 0.16 0.77 0.58

Sup-T Acute CMB 1.10 7 11 0.43 0.41 0.28

Age 1.90 45 11 0.12 0.89 0.67

Sex 1.99 2 10 0.19 0.29 0.32

Sex × age 1.10 6 11 0.42 0.38 0.27

CMB × age 1.36 22 11 0.30 0.73 0.45

Chronic CMB 3.69 7 11 0.03 0.70 0.81

Age 2.42 46 11 0.06 0.91 0.79

Sex 0.54 2 10 0.60 0.10 0.12

Sex × age 1.86 6 11 0.18 0.50 0.45

CMB × age 2.10 21 11 0.10 0.80 0.66
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However, FA decreases in superficial WM are more 
strongly associated with age-related cognitive decline 
than those in deep WM [32], which suggests the 
hypothesis that the former are more strongly associ-
ated with cognitive decline than the latter. Tables  1 
and 2 suggest that the degradation of superficial WM 
in frontal and temporal lobes depends significantly on 
injury chronicity and age at injury. Because changes 
in executive function, personality, and memory are 
strongly mediated by superficial neural circuits in 
frontal and temporal areas, future research should 
seek to deepen our insights on the interaction between 
TBI and age-related cognitive decline in these 
regions, which are highly vulnerable to injury.

Importantly, falls in older adults can be secondary 
to vascular brain injury or to neurodegenerative dis-
eases like Parkinson’s disease, Lewy body dementia, 

and normal-pressure hydrocephalus. Although our 
study participants did not have documented histo-
ries of such conditions, they were not specifically 
screened for them either. Because such diseases can 
alter WM integrity above and beyond TBI alone, 
some of our findings may be partially due to such 
(undiagnosed) neurological disorders; we acknowl-
edge this as a weakness of our study.

Sex effects

Consistently, males have been found to be relatively 
more vulnerable to WM degradation post-TBI [33]. 
For example, male sex predicts lower mean FA val-
ues in Sup-T fasciculi (Fig.  4). In agreement with 
our findings, Fakhran et al. [34] found a similar male 
sex-related vulnerability to WM degradation and to 

Table 3   (continued) Structure Stage Variable(s) F df1 df2 p �
2 Power

Sup-P Acute CMB 2.86 7 11 0.06 0.65 0.68

Age 1.62 45 11 0.19 0.87 0.58

Sex 0.27 2 10 0.77 0.05 0.08

Sex × age 1.68 6 11 0.22 0.48 0.41

CMB × age 0.90 22 11 0.60 0.64 0.29

Chronic CMB 1.05 7 11 0.45 0.40 0.27

Age 1.11 46 11 0.46 0.82 0.40

Sex 0.16 2 10 0.85 0.03 0.07

Sex × age 2.02 6 11 0.15 0.52 0.49

CMB × age 0.96 21 11 0.56 0.65 0.31

CST Acute CMB 1.14 7 11 0.41 0.42 0.29

Age 1.53 45 11 0.23 0.86 0.55

Sex 1.16 2 10 0.35 0.19 0.20

Sex × age 0.72 6 11 0.65 0.28 0.18

CMB × age 1.10 22 11 0.46 0.69 0.36

Chronic CMB 1.20 7 11 0.38 0.43 0.31

Age 1.01 46 11 0.53 0.81 0.36

Sex 0.69 2 10 0.52 0.12 0.14

Sex × age 1.19 6 11 0.38 0.39 0.29

CMB × age 1.62 21 11 0.21 0.76 0.53

The acute and chronic time points correspond to ∼7 days and ∼6 months post-injury,respectively. 
Null hypotheses were tested at a significance level of � = 0.05, and findings that are both 
significant andwell-powered (power > 0.8) are in bold case. Fstatistics, numerator and 
denominator degrees of freedom (df1 and df2), effect sizes (Cohen’s �2 ), and statistical power 
arelisted
BCC, body of the corpus callosum; CMB, cerebralmicrobleed; CST, corticospinal tract; 
FA,fractional anisotropy; GCC​, genu of the corpus callosum; ILF, inferior longitudinal fasciculus; 
IOFF, inferior occipitofrontalfasciculus; MdLF, middle longitudinal fasciculus; SCC, splenium 
of the corpus callosum; Sup-F, superficial frontal; Sup-P, superficial parietal; Sup-T, superficial 
temporal;WM, white matter
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cognitive impairment after TBI. However, in con-
trast to our study, these authors found significant sex-
related differences in WM degradation only in the 
uncinate fasciculus (UF). Although our analysis did 
not isolate the UF, Sup-T fasciculi are adjacent to it. 
Thus, the discrepancy between our study and that of 
Fakhran et  al. may be due to methodological differ-
ences, at least pertaining to tractography. Neverthe-
less, because the integrity of superficial WM is a bio-
marker of age-related cognitive decline [32], males’ 
lower FA in Sup-T fasciculi compared to females’ 
(Table  1) could partly explain males’ more appreci-
able impairment of functions modulated by these 
circuits.

Table 1 indicates a significant relationship between 
male sex and lower mean FA in the IFOFs after TBI. 
The IFOF is a direct ventral route for the seman-
tic network involved in language processing, object 
use, and object recognition. In agreement with our 
findings, another study [35] found that reduced post-
traumatic IFOF integrity are associated with (non)
verbal semantic task performance deficits. Thus, 
IFOF involvement in semantic processing suggests 
that lower mean FA values in males’ IFOFs could be 
associated with more severe impairments of semantic 
processing networks.

CMB effects

CMBs are relatively more common in older adults 
and, in a post-traumatic setting, SWIs can reveal both 
traumatic and non-traumatic CMBs. For example, 
some non-traumatic CMBs can be linked to vascular 
or metabolic disease, and to risk factors like hyper-
cholesterolemia and hypertension. Because CMB eti-
ology could not be ascertained, it is possible that at 
least some CMB identified here were non-traumatic. 
Thus, the CMB-related effects discussed here in the 
context of post-traumatic WM degradation may not 
be related to TBI alone. For this reason, our post-
traumatic CMB findings should be interpreted with 
caution. Specifically, although our results indicate 
that CMB findings are a risk factor for post-traumatic 
WM degradation, that risk is not necessarily TBI-
related. Future studies should establish the distinct 
contributions of traumatic vs. non-traumatic CMBs to 
post-traumatic WM degradation.

CMB count has been identified as an injury sever-
ity marker and is linked to increased risk for cognitive 

impairment [36, 37]. Our findings complement those 
of previous studies and suggest that the relationship 
between CMBs identified after TBI and WM degra-
dation could help to prognosticate the risk of chronic 
cognitive deficits. Lawrence et  al. [36] found a sig-
nificant association between GCS and post-traumatic 
CMB count. They suggest that acute CMB identifica-
tion could aid to improve the accuracy of TBI severity 
estimation. In our study, the mean FAs of the BCC, 
MdLF, and Sup-T fasciculi are significantly and nega-
tively associated with CMB count (Table  3), which 
highlights the putative relationship between CMB 
count and WM degradation. Our analysis does not 
account for CMBs’ anatomical locations, which could 
moderate the extent of TBI-related cognitive decline. 
For this reason, future studies should investigate how 
CMB locations impact WM.

Biomechanical effects

This study illustrates how TBI biomechanics trans-
late into WM degradation patterns. For example, we 
document significant mean FA decreases within the 
commissural tracts (BCC and SCC), right MdLF, left 
Sup-F tracts, and left CST (Table 1). Callosal WM is 
relatively more vulnerable to post-traumatic degrada-
tion for two primary reasons. Firstly, its connections 
are interhemispheric, which renders them more vul-
nerable to traumatic forces and to mechanical strain 
[38]. Secondly, the CC is relatively less myelinated 
than other WM structures, which makes it more frag-
ile. Thirdly, because the CC connects the brain hemi-
spheres, this structure plays a key role in conferring 
mechanical stability and integrity to the telencepha-
lon. Since the hemispheres are relatively large and 
mechanically inert, the physical momenta of TBI 
forces can be easily transferred biomechanically to 
the CC, where they can lead to shearing, twisting, and 
tearing commissural axons.

Bigler et  al. [39] found that TBI of the temporal 
stem (TS), as inferred using diffusion tensor imag-
ing, correlates with specific FA decreases in the ILF, 
arcuate fasciculus, and IFOF, as well as with memory 
impairments modulated by injuries to these struc-
tures. Because our findings indicate post-traumatic 
FA decreases in the ILF, arcuate fasciculus and 
IFOF, the findings of Bigler et al. provide context to 
our own. Conta and Stelzner [40] showed that CST 
axons are much more vulnerable to injury than other 
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supraspinal projections, partly because TBI is often 
associated with sudden forces imparted to the neck 
and brainstem. CST axons are exceptionally long 
(since they extend along the brain stem and spinal 
cord), such that mechanical forces can affect them 
more than they impact the relatively shorter WM 
tracts encased within—and protected by—the cranial 
cavity.

Demyelination effects

The MdLF, a prominent cerebral association fiber tract, 
runs principally between the superior temporal gyrus 
and the parietal lobe [41, 42]. The extent of demyelina-
tion along this WM structure has been related to impair-
ments in the ability to distinguish tone pitch and to pro-
cess speech sounds [43]. Relatedly, the TS is a major 
WM structure that bridges the temporal and frontal lobes 
and that includes fibers traversing temporal WM, such 
as the ILF, UF, and IFOF. The myelination of superficial 
WM axons terminates last during brain development 
(i.e., as late as the fourth and fifth decades of life), which 
may partly explain the relatively high vulnerability of 
superficial axons to blunt trauma during ongoing myeli-
nation [44]. Furthermore, oligodendrocytes in superfi-
cial WM provide less myelination to axons compared 
to those in deep WM, thus offering less protection to 
superficial WM and conferring to it a higher vulnerabil-
ity to axonal damage [45]. These findings may explain 
our own results, which indicate that superficial WM is 
affected significantly by mTBI. The fact that frontotem-
poral injuries are among the most common types of TBI 
further highlights the high susceptibility of superficial 
frontal and temporal WM to trauma. Because post-trau-
matic degradation of superficial WM has not been quan-
tified systematically, our findings are illustrative of typi-
cal frontotemporal TBI effects even in mild TBI, where 
the WM at highest injury risk includes superficial dor-
solateral WM in frontal, temporal, parietal, and occipi-
tal areas. This, in conjunction with the fact that ∼ 75 to 
90% of all TBIs are mild, highlights the potential signifi-
cance of our findings, and the importance of quantifying 
superficial WM degradation.

Natural aging effects

Our study compares only the acute and chronic ( ∼
7  days and ∼6  months post-injury, respectively) 

stages of mTBI. However, Edlow et al. [46] suggest 
that quantifiers of the sub-acute stage of an injury 
( ∼8 days to rehabilitation discharge) may better pre-
dict functional outcomes than measures obtained 
during the acute stage. Thus, to further understand 
the roles of age, sex, and CMBs on WM degrada-
tion, future studies should monitor TBI patients sub-
acutely and across longer time intervals, including 
∼1 year post-injury and beyond. Due to limitations 
related to data availability and statistical power, 
this cohort study does not include healthy con-
trols (HCs). For this reason, we could not directly 
quantify the relative extent to which the structural 
changes identified here are associated with mTBI 
vs. with typical aging. Nevertheless, because of our 
relatively short ( ∼6-month) follow-up interval, sta-
tistical effects due to typical aging are likely much 
weaker than those due to TBI [46–49]. For this rea-
son, the FA changes reported here are likely due 
primarily to TBI and typical aging effects would be 
relatively minor by comparison. This assertion is 
strongly supported by the existing body of literature 
on this topic, as elaborated below.

Upon quantifying WM changes in HCs aged 
21 to 49 y ( � ± � = 27 ± 7 y) across 3–5  months, 
Mayer et  al. [50] found no statistically significant 
FA changes in the left superior corona radiata, left 
UF, left internal capsule, left corona radiata, GCC, 
or SCC. In the SCC, we found TBI-related mean FA 
changes with Cohen’s d = 0.24 (Table  2). By con-
trast, Mayer et al. found an effect size of 0.05 in this 
structure across a comparable interval. In a study rep-
licating that of Mayer et  al., Ling et  al. [51] found, 
unexpectedly to us, mean FA increases in the CCs 
of HCs, rather than decreases as found here in TBI 
participants. Partly because the sample of Ling et al. 
included adult HCs, these authors proposed that head 
motion—rather than natural aging—accounted for the 
FA increases they identified.

Across ∼6 months, Lancaster et al. [52] found no 
significant diffusion tensor imaging-derived diffusiv-
ity changes in HCs aged 18–20 y ( � ± � = 20 ± 2 y). 
Although these authors quantified radial and axial dif-
fusivities rather than FA, their findings likely parallel 
ours due to the algebraic relationship between these 
three variables [53]. In HCs, like Mayer et  al., Lan-
caster et al. found an axial diffusivity increase in the 
BCC as a function of increasing age. Similarly, Vik 
et  al. [54] found an FA increase in the left CSTs of 
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HCs aged 52–66 y ( � ± � = 59 ± 7 y) and imaged 
across 3–4 years, whereas we found an FA decrease. 
Finally, Yin et  al. [55] quantified WM changes in 
HCs aged 26–50 ( � ± � = 38 ± 12 y) and found no 
effect (Cohen’s d = 0) associated with FA change in 
the BCC. This is in contrast with our effect size of 
d = 0.29 associated with FA decrease in TBI partici-
pants (Table 2).

In summary, previous studies found either very 
small increases or no change in callosal mean 
FA among HCs, whereas we found moderate FA 
decreases among TBI participants across compara-
ble time intervals. Other studies’ findings of very 
small FA increase in HCs are incompatible with nat-
ural aging effects on callosal WM (whose mean FA 
decreases with age), such that the increases in ques-
tion are likely artifactual [51]. This may indicate that 
in HCs, across a ∼6-month period, aging effects on 
mean FA may be comparable to those of DWI motion 
artifacts, such that detecting the former could be very 
challenging. Nevertheless, we acknowledge that our 
lack of a reference sample is a limitation of this study.

As individuals age, they accumulate multiple 
pathologies related not only to typical aging but also 
to processes related to Alzheimer’s disease, neuro-
vascular disease, and/or to proteinopathies involved 
in other clinical conditions. For this reason, the WM 
degradation quantified in this study is likely due not 
only to TBI but also, at least in part, to non-traumatic 
processes. Because such processes can interact with 
TBI, the statistical associations identified here may be 
multifactorial rather than associated with TBI alone. 
Nevertheless, as already stated, previous studies of 
older control participants without TBI found hardly 
any WM degradation over the follow-up period of 
our study. The longer temporal course associated with 
typical aging supports the interpretation that TBI is 
the predominant cause of the WM degradation quan-
tified here over ∼6 months.
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