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1. INTRODUCTION:

Although traumatic brain injury (TBI) victims are more likely to develop Alzheimer’s disease (AD),
it is difficult to estimate AD risk in TBI patients. For this reason, it would be extremely useful to
understand how TBI may lead to AD, and to identify new ways to predict how likely it is for a TBI
victim to develop AD. The purpose of this scientific study is to utilize sophisticated imaging and
connectomic methods to study the brains of older adults who are either healthy, TBI survivors, AD
patients, or both. The main hypothesis of the study is that the TBI-affected brain has certain anatomic
properties which, if known, could help scientists to predict the likelihood of AD after TBI with high
accuracy. The secondary hypothesis of the study is that at least some of these properties are different
from those which are already known to be risk factors for AD (e.g. obesity, smoking, a history of high
blood pressure, or certain inherited traits). This project thus aims to identify novel AD risk factors
specific to the TBI population. The ability to accurately identify TBI victims at high risk for AD could
have substantial consequences for the healthcare of such individuals; understanding the relationship
between TBI and AD could advance our scientific and clinical knowledge regarding these two
conditions.

2. KEYWORDS:

traumatic brain injury, Alzheimer’s disease, risk biomarkers, magnetic resonance imaging,
connectomics, network theory.

3. ACCOMPLISHMENTS:

What were the major goals of the project?

The primary aim of this study is to test the hypothesis that the TBI-affected brain has structural and/or
connectomic features which are significantly associated, in a statistical sense, with AD risk and which
can allow TBI survivors to be stratified based on such risk. Our secondary hypothesis is that some of
these biomarker-like features are specific to the TBI-affected brain, i.e. that they are statistically
independent from other known and well-documented AD risk factors. The study aims to use
multimodal neuroimaging—including magnetic resonance imaging (MRI) and diffusion tensor
imaging (DTI)—to understand the differences between four populations: (1) the healthy aging brain,
(2) the TBI-affected brain, (3) the AD-affected brain, and (4) the brain affected by both TBI and AD.
We aim to use advanced computational neuroanatomy, neural network analysis and connectomics to
identify statistically significant differences between these four groups, with the goal of identifying
new biomarkers which can be used to reliably estimate AD risk in TBI survivors. We use a 2 × 2
factorial experimental design (factors: single mild TBI, AD) to identify and quantify the
neuroanatomic and connectomic features of older adults (aged 65+) whose existence is modulated by
TBI/AD interactions. Expert-validated, TBI/AD-tailored computational analyses of high-quality,
multimodal MRI and DTI volumes acquired at high resolution from an adequately powered volunteer
sample have allowed us to quantify brain volumetrics and morphometrics in the presence of TBI/AD-
related (non-)hemorrhagic lesions. In each volunteer, MRI/DTI volume information is then used to
map the macroscale connectome, its topology and to infer its network-theoretic properties, which are
subsequently compared across groups.
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Milestone Timeline Status 

Project Run-in Months 
Local IRB Approval 1 Granted 
HRPO Approval  1-2 Granted 
Maintain all IRB approvals 1-3 Approved 
Train research staff in all research protocols 1-2 Completed 
Create, revise, distribute research protocol manual 1-2 Completed 
Identification of AD risk factors in TBI survivors Months 
Perform automatic identification of AD/TBI pathology 1-6 Completed 
Calculate volumetrics and morphometrics 1-6 Completed 
Implement connectomic and topological analyses 1-6 Completed 
Find TBI/AD-related connectome differences 7-16 Completed 
Internal validation of volumetrics/morphometrics 7-10 Completed 
Confirmation by TBI/AD clinicians 11-14, 26-28 Completed 
Internal validation of connectomic/topological analysis 13-18 Completed 
Implement statistical analysis of results 19-24 Completed 
Reliability testing 23-26 Completed 
Alternative hypotheses testing as needed 25-32 Completed 
Revisions to methods as needed 22-34 Completed 
Open software release via NITRC 32-36 Completed 
Product: methodological manuscripts on analysis 6-18 Completed 
Product: software for TBI/AD connectome analysis 12 Completed 
Product: manuscripts on TBI/AD connectome analysis 18-24 Completed 
Product: manuscripts on statistical analysis 24-36 Completed 
Product: presentations at national meetings  9, 21, 35 Completed 

What was accomplished under these goals? 

(1) Major activities

Throughout this annual reporting period, the following major activities were either completed or are 
ongoing: 

(A) reliability testing
(B) confirmation by TBI/AD clinicians
(C) alternative hypothesis testing as needed
(D) revisions to methods as needed

(2) Specific objectives

The specific objective of this scientific study is to identify novel AD risk factors specific to the TBI 
population by applying sophisticated imaging and connectomic methods to the MRI/CT brain scans 
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of older adults who are either healthy, TBI survivors, AD patients, or both. By the end of Y3 of this 
project, the activities needed to meet the objectives of the study were completed.  

(3) Significant results

Activity (A). We leveraged functional magnetic resonance imaging (fMRI), network theory,
and machine learning (ML) to study the extent to which geriatric mild TBI (mTBI) can lead
to AD-like alteration of resting-state activity in the default mode network (DMN). This
network was found to contain modules whose extent of AD-like, post-traumatic degradation
can be accurately prognosticated based on the acute cognitive deficits of geriatric mTBI
patients with cerebral microbleeds.

Activity (B). For the purposes of our study on the effect of cognitive impairment after TBI on
AD risk, cerebral microbleeds (CMBs) were identified in each subject using an automatic
algorithm for CMB segmentation and the validity of the findings were confirmed by two
human experts with training in CMB identification from SWI, who had been blinded to
automatic segmentation results. A third human expert then resolved disputes between the first
two experts.

Activity (C). We used GLM design matrices containing network-theoretic measures computed
for the connectome of each subject. These measures include topological genus, assortativity,
global clustering coefficient, modularity, mean rich club coefficient, characteristic path
length, the small world coefficient, efficiency, mean betweenness centrality, the participation
coefficient and the diversity coefficient. All proposed global measures of connectivity were
examined, and differences in measures of connectivity were only tested for all WM
streamlines against their counterparts in healthy controls (HCs). We investigated which
connectomic variables are significantly different between groups. This GLM allows us to
determine (A) the effect which distance from a bleed has upon local measures of connectomic
organization, and (B) which connectomic variables best discriminate between groups (using
LDA).

Following our meta-analysis of brain volumetrics, we performed a large-scale regression
using cortical volumetrics from a cohort of 3321 HCs to map age and sex effects on gray
matter atrophy. By taking the ratio (males’ divided by females’) of regression-fitted slopes of
the linear model for each cortical region, we identified regions with outsize sexual dimorphism
in terms of annual rate of percent decrease in GM volume, as depicted in Fig 1.

With our investigation of changes in functional connectivity (FC) after TBI in the primary
resting-state networks (RSNs) of the brain we aimed to establish the relationship between age
at injury/sex and changes in FC within the 7 canonical RSNs. We quantified changes in rs-FC
using GLMs and statistical detection of cortical surface clusters where rs-FC changes were
driven by age (younger vs. older than 40) and sex. Our fMRI seed correlation analysis
examined all major RSNs in the brain as identified by Yeo et al. from a large dataset of rs-
fMRI data. These RSNs were the visual (V), somatomotor (SM), dorsal (DA) and ventral
attention (VA), limbic (L), frontoparietal (FP), and default mode (DM) networks. A color-
coded overlay of the seven networks is shown in Fig 2. Changes in FC after injury Δρ were
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defined as the difference between the acute and chronic partial correlation coefficients, i.e., as 
Δρ = ρ − ρ . Then, each of the seven RSNs were treated as a seed region to find clusters of 
significant differences in Δρ across groups (age or sex). Across age, this calculation yielded 
clusters of significant differences when treating SM, VA, and DMN as seed regions. These 
clusters are visualized in Fig 3., and the differences in effect size between age groups are 
shown in Fig 4. Across sex, significant differences in FC changes were observed in all seven 
scenarios. The clusters of significant differences are visualized in Fig 5 and Fig 6., while the 
differences in effect size between sexes are shown in Fig 7.  

Our investigation of demyelination in mTBI revealed distinct spatiotemporal patterns. At the 
acute timepoint, TBI participants exhibit significantly less myelin content across 34% of the 
cortex than HCs, shown in Fig 8. These differences are greatest at occipital regions and the 
paracentral lobules and sulci. At the chronic timepoint, TBI participants experience significant 
demyelination relative to the acute timepoint, with the most severe losses at the temporal, 
cingulate, and insular regions and the least severe losses at the occipital regions, shown in Fig 
9B. Therefore, occipital regions are both vulnerable to acute TBI-related demyelination and 
resistant to chronic TBI-related demyelination. This indicates that the mechanisms underlying 
acute versus chronic TBI-related demyelination differ and have distinct spatiotemporal 
patterns across the cortex. One plausible explanation is that physical injury has a greater 
contribution to acute than chronic demyelination. A previous study mapping 𝑅 in victims of 
repeat TBI found that lateral occipital areas were especially vulnerable to greater numbers of 
head injuries, matching our findings in acute TBI. Greater numbers of head injuries would 
indicate an increase in primary (physical) demyelination, but not necessarily in secondary 
(biochemical) demyelination. One important difference in pattern between typical aging and 
chronic TBI is observed at the sensorimotor cortex. This region is relatively vulnerable to 
typical age-related demyelination, but relatively resistant to chronic TBI-related 
demyelination. The sensorimotor cortex is known to be similarly resistant to white matter 
demyelination and cortical thinning in Alzheimer’s disease.  

Activity (D). The regression model used to partial out confounding effects in the investigation 
on demyelination after mTBI went through several revisions. Ultimately a linear mixed effects 
model was implemented to compare cortical myelin content across groups (mTBI participants 
vs HCs). Sex was included as a fixed effect, while age at injury was included as a between-
subject covariate. Effects of variation in the length of time between scans (interscan interval, 
ISI) were confounding, but including raw ISI values in the model would have removed the 
random effect of time, a measure of interest. Initially the issue was circumvented by 
annualizing demyelination values. This had the drawback of assuming constant demyelination 
over time. A more sophisticated method without this drawback was implemented. We 
calculated, for each subject, the deviation of their ISI from the grand mean of ISI values across 
groups. This deviation was included in the statistical model as a random effect, partialing out 
the confound of variation in ISI between groups while preserving the random effect of time.  

Initially, our analysis of changes in FC after TBI across groups used a single seed region, 
which was the DMN as defined by the 17-network Yeo parcellation. Due in part to 
significantly optimizing our implementation of FS-FAST by parallelizing across the subjects 
and timepoints (acute and chronic) the calculation of the nuisance regressors (WM, ventricles, 
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and CSF timeseries) and the timeseries for the seed regions represented by the modules 
(networks of the Yeo 2011 parcellation), we were able to expand this analysis. We revised our 
methods to use every network of the 7-network Yeo parcellation as a seed.  

Figure 1. Cortical overlay of the areas with M/F slope ratio outside the range of [0.5, 1.5]. Red indicates higher 
M/F ratio or faster volume decrease in males, while blue indicates faster volume decrease in females. 

Figure 2. The seven large-scale RSNs of the brain as defined by the Yeo parcellation. The seven networks cover 
the entire cortical surface.  
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Figure 3. Clusters of FC changes that differ significantly between young adults (YAs) and old adults (OAs). In 
each panel, the seed RSN is shown in yellow and the significant clusters are indicated using the color(s) of the 
RSN(s) with which they overlap. We follow the color scheme of Yeo et al. (color scheme displayed in Fig. 2). 
The seed networks are the SMN (A), VAN (B), and DMN (C). No significant clusters were found for the rest of 
RSNs. 
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Figure 4. Age-related differences in FC change after TBI. Older adults (OAs) exhibit FC decreases across all 
statistically significant target clusters, whereas younger adults (YAs) exhibit relatively few changes across the 
~6-month follow-up period. The horizontal axis encodes the observed change in the mean value of 𝜌 associated 
with the seed network timeseries. All 3 statistically significant clusters identified are listed. In each row, we list 
the fMRI seed RSN, target hemisphere, target RSN, cortical region the cluster is located in, and the effect sizes 
(Cohen’s 𝑑) for the OA and YA. 
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Figure 5. Cortical clusters of statistically significant FC changes that differ significantly by sex. In each panel, 
the seed RSN is shown in yellow and the significant clusters are indicated using the color(s) of the RSN(s) with 
which they overlap. We follow the color scheme of Yeo et al. (color scheme displayed in Fig. 2). Seed regions 
depicted correspond to the VN (A), SMN (B), DAN (C), and VAN (D). 

Figure 6. Cortical clusters of statistically significant FC changes that differ significantly by sex. In each panel, 
the seed RSN is shown in yellow and the significant clusters are indicated using the color(s) of the RSN(s) with 
which they overlap. We follow the color scheme of Yeo et al. (color scheme displayed in Fig. 2). Seed regions 
depicted correspond to the LN (A), FPN (B), and DMN (C). 
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Figure 7. Sex-related differences in FC change after TBI. Males typically show much larger differences in FC 
than females, with some exceptions. The horizontal axis encodes the observed change in the mean value of 𝜌 
associated with the seed network timeseries. In each row, we list the fMRI seed RSN, target hemisphere, target 
RSN, cortical region the cluster is located in, and the effect sizes (Cohen’s 𝑑). 
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Figure 8. Cortical plot demonstrating average percent differences in myelin content between healthy controls 
and TBI subjects ~7 days after injury. Darker blue indicates that TBI participants have less myelin than healthy 
controls.   

 

 
 

Figure 9. Cortical maps of percentage change in myelin Δ𝑅 across timepoints for (A) HCs and (B) TBI 
participants. Δ𝑅 values were averaged over subjects and then within each region. Note that different color axes 
are used for each group to emphasize between-group differences across the cortex. Darker blue indicates more 
demyelination.  
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What opportunities for training and professional development has the project provided? 

Although the project was not specifically intended to provide training and professional development, 
the PI has been able to provide one-on-one mentorship thanks to this award. Specifically, one 
postdoctoral researcher (Anar Amgalan), two junior scientists (Kenneth Rostowsky, Alex Maher), 
and one graduate student (Nahian Chowdhury) benefitted from the learning opportunities provided 
by this project.  

How were the results disseminated to communities of interest? 

The PI was invited to speak at both domestic and international conferences. He presented the results 
of the study and participated as a member of a live panel at the Fourteenth Symposium of the 
International Neurotrauma Society in Melbourne, Australia. He similarly presented the results of the 
study and participated in a live panel at the Traumatic Brain Injury Symposium held by the University 
of California, Los Angeles. He was also invited to speak at the annual conference of the 
Gerontological Society of America in Phoenix, Arizona. Furthermore, the PI has been invited to 
present the results of the study at numerous internal events and conferences, such as the USC 
Alzheimer’s Disease Research Center’s conference. 

The PI regularly educates students on the results of the study, via seminars and regular courses. He 
was also invited to lecture in graduate-level biomedical engineering and advanced neuroscience 
courses, in which he included results of the study.  

Following the release of the manuscript Acute cognitive impairment after traumatic brain injury 
predicts the occurrence of brain atrophy patterns similar to those observed in Alzheimer’s disease, 
USC published a press release on the manuscript, which was featured by US News and World Report 
and by The Atlanta Journal-Constitution, two major US news venues. 

4. IMPACT:

What was the impact on the development of the principal discipline(s) of the project?

While it has already been argued extensively within the TBI and AD research communities that
moderate-to-severe TBI predisposes its victims to AD significantly, the extent to which this is the
case for mTBI victims is far less clear. Our findings on the association of geriatric mTBI with AD-
like changes in functional brain connectivity as early as ~6 months post-injury advanced the goal of
acutely forecasting mTBI patients’ chronic deviations from normality along AD-like functional
trajectories. This has led to better understanding of the increase in AD risk due to mTBI.

In a book chapter now in production by Elsevier, we explained how CMBs are among the smallest
lesions of the cerebrum which can be visualized using MRI to indicate blood-brain barrier (BBB)
impairment; as such, this class of hemorrhages are important for the evaluation and macroscale
detection of geriatric patients’ microscale pathologies associated with neurovascular disease and/or
neurodegeneration. We detailed a streamlined protocol for MRI/CT multimodal imaging data
acquisition, archiving and digital processing, including methods tailored for the analysis of
susceptibility-weighted imaging (SWI) and diffusion-weighted imaging (DWI) scans to reveal CMB-
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related alterations of the human connectome. Our provision of an efficient and effective MRI/CT 
method tailored for CMB and connectome analysis will bolster future progress in this important field 
of scientific inquiry.  

Our investigation of FC changes after TBI injury in the RSNs of the human brain is, to our knowledge, 
the first systematic study of a comparable sample size that investigates post-TBI longitudinal changes 
in FC focusing on the large-scale RSNs. Our quantification of differences in FC changes after TBI 
across sex and age will inform future fMRI studies, allowing for more nuanced cohort selection and 
analysis of results.  

The spatiotemporal patterns of demyelination observed will influence subsequent research on cortical 
demyelination in TBI. The indication of differential cortical vulnerability to physical versus 
biochemical demyelination will be further explored in future studies. Our findings also demonstrate 
the dynamic effect of time since injury on demyelination, proving the need to control for this factor 
to ensure precise and accurate findings. Our observations of shared patterns in TBI-related cortical 
demyelination and AD-related cortical thinning and white matter demyelination will inform future 
exploration of the biological mechanism by which TBI heightens risk for AD.  

What was the impact on other disciplines? 

Our scoping meta-analysis aggregated normative reference values for brain volume (BV) and three 
related volumetrics—gray matter volume (GMV), white matter volume (WMV) and cerebrospinal 
fluid volume (CSFV)—from typically-aging adults studied cross-sectionally using magnetic 
resonance imaging (MRI). Drawing from an aggregate sample of 9,473 adults, this study provides 
(A) regression coefficients 𝛽 describing the age-dependent trajectories of volumetric measures by sex
within the range from 20 to 70 years based on both linear and quadratic models, and (B) average
values for BV, GMV, WMV and CSFV at the representative ages of 20 (young age), 45 (middle age)
and 70 (old age). The results provided synthesize ~20 years of brain volumetrics research and allow
one to estimate BV at any age between 20 and 70. This is likely to be widely applicable in fields such
as image processing and in determining deviations from normality in a wide range of pathology. Our
further investigation into sex effects on cortical volumetrics revealed notable sexual dimorphism in
spatial patterns of gray matter atrophy. These distinctive spatial patterns must be taken into account
by any study involving cortical volume, encompassing a wide variety of disciplines.

The biological mechanisms underlying TBI-related demyelination are a topic of ongoing research. A 
variety of potential mechanisms have been outlined, but the interplay between them remains unclear. 
Our findings indicate both spatial and temporal differences in demyelination mechanism, which is 
likely to guide future research in molecular biology to clarify the relationship between demyelinating 
processes after TBI.  

What was the impact on technology transfer?    

Nothing to report.  

What was the impact on society beyond science and technology? 
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TBI treatment can be challenging partly due to the difficulties of assessing and treating its 
neurocognitive and affective sequelae. The effects of a single TBI may persist for years and can limit 
patients’ activities due to somatic complaints (headaches, vertigo, sleep disturbances, nausea, light or 
sound sensitivity), affective sequelae (post-traumatic depressive symptoms, anxiety, irritability, 
emotional instability) and mild cognitive impairment (MCI, including social cognition disturbances, 
attention deficits, information processing speed decreases, memory degradation and executive 
dysfunction). Despite a growing amount of research, study comparison and knowledge synthesis in 
this field are problematic due to TBI heterogeneity and factors like injury mechanism, age at or time 
since injury. The relative lack of standardization in neuropsychological assessment strategies for 
quantifying sequelae adds to these challenges. Our review of cognitive and affective consequences of 
TBI in relation to neuropsychological testing strategies, to neurobiological and neuroimaging 
correlates, and to patient age at and assessment time after injury highlights non-negligible cognitive 
and affective impairments following TBI. We highlight the need for well-standardized batteries for 
cognitive subdomains—rather than only domains—with high ecological validity. These findings will 
improve public knowledge of the cognitive impacts of TBI. Moreover, development of the tests we 
suggest will improve clinical outcomes for victims of TBI.  
 

5. CHANGES/PROBLEMS:   
 
Nothing to report.  
 
Changes in approach and reasons for change  
 
Nothing to report.  
 
Actual or anticipated problems or delays and actions or plans to resolve them 
 
Nothing to report.  
 
Changes that had a significant impact on expenditures 
 
Nothing to report.  
 
Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or 
select agents 
 
Significant changes in use or care of human subjects 
 
Nothing to report.  
 
Significant changes in use or care of vertebrate animals 
 
Not applicable (no use or care of vertebrate animals).  

 
Significant changes in use of biohazards and/or select agents 
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Not applicable (no biohazards and/or select agents).  
 

6. PRODUCTS:   
 

 Publications, conference papers, and presentations    
 
Journal publications.    
Fang-Cheng Yeh, Andrei Irimia, Dhiego Chaves de Almeida Bastos and Alexandra J Golby 
(2021) Tractography methods and findings in brain tumors and traumatic brain injury 
NeuroImage volume 245, article no. 118651 (21 pages). (acknowledgement of federal 
support: yes) 
 
Kenneth A. Rostowsky and Andrei Irimia for the Alzheimer’s Disease Neuroimaging 
Initiative (2021) Acute cognitive impairment after traumatic brain injury predicts the 
occurrence of brain atrophy patterns similar to those observed in Alzheimer’s disease 
GeroScience volume 43, pages 2015–2039. (acknowledgement of federal support: yes) 
 
Emily L. Dennis, Karen Caeyenberghs, Kristen R. Hoskinson, Tricia L. Merkley, Stacy J. 
Suskauer, Robert F. Asarnow, Talin Babikian, Brenda Bartnik-Olson, Kevin Bickart, Erin D. 
Bigler, Linda Ewing-Cobbs, Anthony Figaji, Christopher C. Giza, Naomi J. Goodrich-
Hunsaker, Cooper B. Hodges, Elizabeth S. Hovenden, Andrei Irimia, Marsh Königs, Harvey 
S. Levin, Hannah M. Lindsey, Jeffrey E. Max, Mary R. Newsome, Alexander Olsen, Nicholas 
P. Ryan, Adam T. Schmidt, Matthew S. Spruiell, Benjamin S. Wade, Ashley L. Ware, 
Christopher G. Watson, Anne L. Wheeler, Keith O. Yeates, Brandon A. Zielinski, Peter 
Kochunov, Neda Jahanshad, Paul M. Thompson, David F. Tate and Elisabeth A. Wilde for 
the ENIGMA-TBI Consortium (2021) White matter disruption in pediatric traumatic brain 
injury: results from ENIGMA pediatric moderate to severe traumatic brain injury Neurology 
volume 97, pages E299-E309. (acknowledgement of federal support: yes) 
 
David F. Tate, Emily L. Dennis, John T. Adams, Maheen M. Adamson, Heather G. Belanger, 
Erin D. Bigler, Heather C. Bouchard, Alexandra L. Clark, Lisa M. Delano-Wood, Seth G. 
Disner, Blessen C. Eapen, Carol E. Franz, Elbert Geuze, Naomi J. Goodrich-Hunsaker, 
Kihwan Han, Jasmeet P. Hayes, Sidney R. Hinds II, Cooper B. Hodges, Elizabeth S. 
Hovenden, Andrei Irimia, Kimbra Kenney, Inga K. Koerte, William S. Kremen, Harvey S. 
Levin, Hannah M. Lindsey, Rajendra A. Morey, Mary R. Newsome, John Ollinger, Mary J. 
Pugh, Randall S. Scheibel, Martha E. Shenton, Danielle R. Sullivan, Brian A. Taylor, Maya 
Troyanskaya, Carmen Velez, Benjamin S. Wade, Xin Wang, Ashley L. Ware, Ross D. 
Zafonte, Paul M. Thompson and Elisabeth A. Wilde for the ENIGMA-TBI Consortium (2021) 
Coordinating global multi-site studies of military-relevant traumatic brain injury: 
opportunities, challenges and harmonization guidelines Brain Imaging and Behavior volume 
15, pages 585–613. (acknowledgement of federal support: yes) 
 
Books or other non-periodical, one-time publications.   
Andrei Irimia, Kenneth A. Rostowsky, E. Meng Law and Helena Chang Chui (2022) 
Cerebral hemorrhages in traumatic brain injury (book chapter; acknowledgement of federal 
support: yes) 



18 

F Sibilia, RM Custer, Andrei Irimia, F Sepehrband, AW Toga and RP Cabeen (2021) 
Relationship between structural magnetic resonance imaging and the development of 
psychological distress in mild traumatic brain injury patients Fiftieth Annual Meeting of the 
Society for Neuroscience (SfN ‘21), November 13-16, 2021, Chicago, IL 

Nahian F. Chowdhury, Sean O. Mahoney, Shania H. Wang and Andrei Irimia (2021) 
Significant association of mild traumatic brain injury with both acute and chronic 
demyelination of the cerebral cortex Thirty-Ninth Annual Symposium of the National 
Neurotrauma Society (NNS ‘21), July 11-14, 2021, held virtually. Published in Journal of 
Neurotrauma, volume 38, page A105. 

David J. Robles, Ammar Dharani, Kenneth A. Rostowsky, Nikhil N. Chaudhari, Van Ngo, 
Frank Zhang, Lauren J. O’Donnell and Andrei Irimia (2021) Chronic white matter 
degradation after mild traumatic brain injury as a function of age, sex and cerebral microbleed 
count Thirty-Ninth Annual Symposium of the National Neurotrauma Society (NNS ‘21), July 
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Aim: to understand the differences between (1) the healthy aging brain,
(2) the TBI-affected brain, (3) the AD- affected brain, and (4) the brain
affected by both TBI and AD.

Approach
TBI/AD-tailored computational analyses of magnetic resonance imaging
(MRI) and diffusion tensor imaging (DTI) volumes will provide
volumetrics, morphometrics, connectomics, network topology and
network-theoretic properties. Longitudinal differences in the trajectories
of brain structure and connectomics in TBI-/AD- (i.e. healthy control),
TBI+/AD-, TBI-/AD+ and TBI+/AD+ volunteers. A general linear model
(GLMs) will be implemented to identify volumetric, morphometric and
connectomic signatures present only in the brains of TBI survivors and
whose properties are significantly correlated with the severity of their
AD-like cognitive impairment and, potentially, with the likelihood of TBI
survivors to develop this condition.
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 Pathology identification  Volumetrics & morphometrics
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 Connectomics & topology analysis  Connectomic differences
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analysis
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Changes in the coupling of the visual network during fMRI resting state activity. Shown in
yellow is the visual network. Shown in other colors are significant clusters whose
coupling to the visual network decreases significantly after TBI as a function of sex.
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Abstract Traumatic brain injury (TBI) and Alzheimer’s
disease (AD) are prominent neurological conditions whose
neural and cognitive commonalities are poorly understood.
The extent of TBI-related neurophysiological abnormali-
ties has been hypothesized to reflect AD-like neurodegen-
eration because TBI can increase vulnerability to AD.
However, it remains challenging to prognosticate AD risk
partly because the functional relationship between acute
posttraumatic sequelae and chronic AD-like degradation
remains elusive. Here, functional magnetic resonance im-
aging (fMRI), network theory, andmachine learning (ML)

are leveraged to study the extent to which geriatric mild
TBI (mTBI) can lead to AD-like alteration of resting-state
activity in the default mode network (DMN). This network
is found to contain modules whose extent of AD-like,
posttraumatic degradation can be accurately prognosticat-
ed based on the acute cognitive deficits of geriatric mTBI
patients with cerebral microbleeds. Aside from establish-
ing a predictive physiological association between geriatric
mTBI, cognitive impairment, and AD-like functional deg-
radation, these findings advance the goal of acutely fore-
casting mTBI patients’ chronic deviations from normality
along AD-like functional trajectories. The association of
geriatric mTBI with AD-like changes in functional brain
connectivity as early as ~6 months post-injury carries
substantial implications for public health because TBI
has relatively high prevalence in the elderly.

Keywords Alzheimer’s disease . Traumatic brain
injury .Defaultmodenetwork .Resting state .Geriatrics .

Functional connectome

Introduction

Traumatic brain injury (TBI) can result in functional
brain alterations causing neural and cognitive deficits
[1, 2]. Even after mild TBI (mTBI), any cognitive
domain can be affected by such deficits [3], whose
manifestation may accelerate the onset of mild cognitive
impairment (MCI) [4, 5], particularly in geriatric pa-
tients [6]. Although neurotrauma increases the risk for
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Alzheimer’s disease (AD) [7], there is little knowledge
on how TBI affects functional trajectories and gives rise
to neuropathophysiology. Furthermore, the relationship
between TBI severity and AD-like brain dysfunction is
poorly understood, and the mechanisms whereby TBI
can elicit functional abnormalities which increase AD
risk remains unclear. One hypothesis is that posttrau-
matic functional changes exhibit patterns which pro-
gressively resemble those of AD [5, 8, 9]; if this is the
case, characterizing AD-like brain alterations after TBI
could assist in improving AD risk assessment and the
early identification of TBI patients at higher risk for this
disease.

The default mode network (DMN) is a large-scale
brain network which is most commonly active when a
person is at wakeful rest [10]. In this resting state (RS),
individuals lie quietly awake without performing tasks or
being exposed to stimuli, and their DMN activity can be
recorded using techniques like functional magnetic reso-
nance imaging (fMRI). RS fMRI recordings only require
passive participation from study participants, such that
the prospect of isolating AD prognosticators from such
data is logistically and clinically appealing. Although
DMN alterations have been quantified in both AD and
TBI [11–13], whether and how posttraumatic DMN ab-
normalities reflect AD-like functional degradation re-
mains unknown. Because the DMN includes some of
the longest white matter tracts in the brain (including
tracts which integrate brain activity across the corpus
callosum) [14], this network is particularly vulnerable to
diffuse axonal injury after trauma [15]. Thus, studying
TBI-related alterations in the DMN of subjects with
cerebral microbleeds (CMBs, which are biomarkers of
non-focal axonal injury [16])—as opposed to changes in
other, less broadly distributed networks—is attractive. To
identify posttraumatic biomarkers of AD risk, focusing
on mTBI is appealing because the mTBI population is
considerably larger, more homogeneous, and logistically
easier to study than that of patients with moderate-to-
severe TBI. Additionally, geriatric TBI is a promising
setting for studying how this condition can lead to AD-
like neural degradation because the comparison of AD
patients to young or middle-aged TBI patients is con-
founded by aging effects.

This study leverages fMRI recordings acquired from
healthy controls (HCs), geriatric mTBI participants with
CMBs, and AD patients to provide evidence that, within
~ 6 months post-mTBI, functional connectivity (FC)
within the DMN exhibits deviations from normality

whose spatiotemporal properties are statistically indis-
tinguishable from those of similar deviations observed
in AD. A linear combination of acute posttraumatic
cognitive scores is found to be significantly and sensi-
tively associated with chronic AD-like RS DMN alter-
ations. Additionally, a supervised machine learning
(ML) classifier is found to accurately identify mTBI
patients with relatively broad chronic abnormalities in
the DMN based on acute cognitive performance. These
findings establish a detailed functional and connectomic
relationship between mTBI-related acute cognition and
AD-like DMN features, whose further characterization
may facilitate the early identification of geriatric mTBI
patients with CMBs at relatively high risk for AD.

Methods

Participants

This study was conducted with the Institutional Review
Board approval. Included were one HC group (N1 = 48,
22 females; age: μ = 69 y, σ = 5 y, range: 58–79 y) and
two study groups: geriatric mTBI (N2 = 29, 13 females;
age:μ = 68 y,σ = 6 y; range: 57–79 y) and AD (N3 = 37,
19 females; age: μ = 70 y, σ = 8 y; range: 55–84 y). HC
and AD subjects were selected from the AD Neuroim-
aging Initiative (ADNI) cohort, whose eligibility criteria
are described elsewhere [17]. A total of 15 HC volun-
teers (31%), 9 TBI participants (38%), and 17 AD
patients (46%) were hypertensive. Some ADNI partici-
pants were receiving hormonal treatment (HC:N = 14 or
29%; AD:N = 9 or 24%); somewere taking medications
for neurological and/or psychiatric disease (HC: N = 20
or 42%; TBI: N = 18 or 62%; AD: N = 36 or 97%),
vascular disease (HC: N = 29 or 60%; TBI: N = 19 or
65%; AD: N = 22 or 59%), or metabolic disease (HC:
N = 6 or 13%; TBI: N = 3 or 10%; AD: N = 5 or 14%).
To be included, all participants had to have Montreal
Cognitive Assessment (MoCA) scores and a complete
session of RS fMRI data. HC participants had been
clinically evaluated as having normal cognition; their
MoCA scores ranged from 22 to 29 (μ = 26, σ = 2). AD
patients’ scores ranged from 6 to 25 (μ = 17, σ = 5), and
all had a clinical AD diagnosis; TBI participants’ scores
were acquired within 48 h post-injury and were between
20 and 29 (μ = 23, σ = 2). The Mini-Mental State Ex-
amination (MMSE) scores were available for both HC
(μ = 29, σ = 1; range: 26 to 30), TBI volunteers (μ = 22,
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σ = 7; range: 13 to 29), and AD participants (μ = 20,
σ = 5; range: 9 to 28). AD patients had Clinical Demen-
tia Rating (CDR) sub-scores between 2 and 17 (μ = 6,
σ = 4), while HCs had CDR sub-scores between 0 and 2
(μ = 1, σ = 0.7); CDR scores were not available for TBI
participants. For HCs, the number of apolipoprotein E
(ApoE) ε4 alleles was zero for 54% of the sample, one
for 31%, and two for 15%. For AD patients, 24% had no
ε4 alleles, 46% had one, and 30% had two. No ApoE
allele information was available for TBI participants.
TBIvolunteershad fMRI recordingsacquired~6months
post-injury (μ = 5.6 months, σ = 0.5 months) at 3 T, i.e.,
the same scanner field strength as the HC and AD
participants. They had to have (a) a TBI due to a fall,
(b) no clinical findings on acute T1/T2-weighted MRI,
(c) no clinical findings other than CMBs on
susceptibility-weighted imaging (SWI), (d) an acute
Glasgow Coma Scale score greater than 12 (μ = 13.7,
σ = 0.5) upon initial medical examination, (e) loss of
consciousness of fewer than 30 min (μ ≃ 4 min, σ ≃
8 min), (f) posttraumatic amnesia of fewer than 24 h (μ
≃ 3.5 h, σ ≃ 3.2 h), and (g) a lack of clinical history
involving pre-traumatic neurological disease, psychiat-
ric disorder, or drug/alcohol abuse. CMBs were identi-
fied in each subject using an automatic algorithm for
CMB segmentation [18] and the validity of the findings
were confirmed by two human experts with training in
CMB identification from SWI, who had been blinded to
automatic segmentation results. Disagreements between
these experts were resolved by a third one (AI). Null
hypotheses of group differences in age and cognition
were tested using Welch’s two-tailed t test for samples
with unequal variances. The null hypothesis of indepen-
dence between sex and group membership was tested
using Pearson’s χ2 test. Effect sizes were quantified
using Cohen’s d for Welch’s t test and the ϕ coefficient
for Pearson’s χ2 test.

Neuroimaging

HC and AD participant data used in the preparation of
this article were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (http://adni.
loni.usc.edu). ADNI was launched in 2003 as a public-
private partnership, led by Principal Investigator Mi-
chael W. Weiner, MD. The primary goal of ADNI has
been to test whether serial MRI, positron emission to-
mography (PET), other biological markers, and clinical
and neuropsychological assessment can be combined to

measure the progression of MCI and early AD. For up-
to-date information, see www.adni-info.org. fMRI
volumes were acquired at 3 T using the ADNI
acquisition protocol [19]. An average of 140 fMRI
volumes was obtained using the following parameters:
TR = 3 s; TE = 30 ms; flip angle = 80°; slice
thickness ≃ 3.3 mm; 48 slices). TBI subjects’ fMRI
data were acquired in a Siemens Trio TIM 3 T scanner
using an acquisition protocol very similar to the ADNI
protocol.

Preprocessing

fMRI analysis was implemented using the FreeSurfer
(FS) Functional Analysis Stream (FS-FAST,
https://surfer.nmr.mgh.harvard.edu/fswiki/FsFast) with
default parameters for (a) motion correction, (b) frame
censoring, (c) frequency filtering, (d) brain masking, (e)
intensity normalization, (f) co-registration of fMRI vol-
umes to T1-weighted volumes, (g) surface sampling to
the FS atlas, (h) smoothing (kernel with full width of
5 mm at half maximum), (i) surface and volume sam-
pling to the Montreal Neurological Institute (MNI) atlas
containing 305 subjects, and (j) smoothing for subcorti-
cal structure analysis. The first four volumes in each
fMRI time series were discarded to preserve signal
equilibrium and to account for each participant’s adap-
tation to the sequence; the rest were used for analysis
[20]. Nuisance variables (cerebrospinal fluid, white mat-
ter, and motion correction parameters) were accounted
for using FS-FAST.

fMRI seeds

Seeds were derived in a two-step process. In the first
step, the cortical delineation of the DMN defined by
Yeo et al. [14] was used to parcel the cortex. This
delineation includes the following cortical regions: (a)
frontal (prefrontal cortex, precentral ventral cortex, an-
terior cingulate cortex, etc.), (b) medial temporal/
retrosplenial (the parahippocampal complex), (c) later-
al temporal (the inferior temporal gyrus and superior
temporal sulcus), (d) lateral parietal (inferior parietal,
intraparietal regions, etc.), and (e) medial parietal/
posterior cingulate (posterior cingulate cortex and part
of the precuneus). In the second step, Yeo regions were
divided into gyral/sulcal parcels based on the intersec-
tion of the Yeo regions with the cortical parcellation
scheme of Destrieux et al. [21]. In other words, the final
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set of fMRI seeds consisted of all the regions which
resulted from the intersection of the Yeo and Destrieux
schemes. This was deemed to provide greater spatial
detail to the analysis, particularly for DMN regions with
substantial cortical coverage (e.g., the frontal DMN,
which includes a large contiguous portion of cerebral
cortex). The intersection of the Destrieux and Yeo
schemes led to the delineation of 46 DMN regions (22
cortical regions and the hippocampus for each hemi-
sphere; see caption to Fig. 1).

FC analysis

Both within each subject’s space and withinMNI space,
individual fMRI time series s were consolidated using
isxconcat-sess. A weighted least-squares (WLS)
general linear model (GLM) was implemented using
mri_glmfit to identify pairs of anatomic regions (i, j)
whose fMRI signals si and sj had a statistically signifi-
cant partial correlation ρij. For each DMN seed parcel i,
a subject-level, voxel-wise analysis was implemented to
identify spatially contiguous clusters in target region j
(i ≠ j) within which ρij is significant. How ρij differed in
each study group (TBI or AD) relative to HC was
investigated using the same GLM. Effect sizes were
quantified using Cohen’s f2.

Equivalence testing

One key premise of this study is that brain features which
are both (a) significantly different from HCs in both TBI
and AD and (b) significantly similar across TBI and AD
can be said to be AD-like. Thus, a brain feature observed in
TBI patients can be said to be AD-like if the feature in
question differs from HCs in both TBI and AD and is also
significantly similar across both TBI and AD. If ρij differs
significantly fromHCs in both TBI andAD, a null hypoth-
esis of statistical equivalence can be tested to determine
whether ρij is AD-like. Formally, for two samples A and B,
a null hypothesis of equivalence can be stated as μA(ρij) ≠
μB(ρij) rather than as the conventional null hypothesis
μA(ρij) =μB(ρij). The null hypothesis of equivalence fails
to be accepted if the two means fall within the interval
(−δ, δ), where δ is the equivalencemargin of the test [22]. In
statistical parlance, equivalence implies that the correlations
ρij(A) and ρij(B) are sufficiently close that neither can be
considered greater or smaller than the other [23]. Equiva-
lence hypotheses can be tested using the two one-sided t
tests (TOSTs) [24]; in this study, δ is assigned a

conservative value equal to 0.2 times the width of the
95% confidence interval for the difference μA(ρij)−μB(ρij).
To identify TBI and AD participants’ correlations which
deviate appreciably from normality (i.e., from the HC
group) in both former groups, the null hypothesis of equiv-
alence is only tested if both μTBI(ρij) and μAD(ρij) differ
significantly from μHC(ρij). Effect sizes were quantified
using Cohen’s f2. Multiple comparison corrections using
300 permutations and a cluster-wise p-value threshold of
0.05 were implemented for all statistical tests. Equivalence
testing was implemented using the freely available
MATLAB software (https://www.mathworks.
com/matlabcentral/fileexchange/63204).

(Dis)similarity matrices

Two dissimilarity matrices D(TBI,HC) and D(AD,HC)
were assembled to describe mean differences in ρij
between HCs and each of the study groups (TBI and
AD), respectively. Each matrix element Dij(TBI,HC) is
set to the value of the t statistic for the test of the null

Fig. 1 (A) The dissimilarity matrix D(HC, TBI) displays
significant differences in the FC ρ between the HC and mTBI
groups. Each cell Dij(HC, TBI) encodes the result of testing the
null hypothesis of no mean difference in ρij between groups. Cells
corresponding to region pairs for which the null hypothesis fails to
be rejected are drawn in white. Elsewhere, the color-coded quan-
tity is a t statistic with 75 df. If ρij(TBI) > ρij(HC), t is positive and
Dij is drawn in red; otherwise, t is negative andDij is drawn in blue.
Boundaries between Mα and Mβ are delineated by thick black
lines; boundaries between the submodules of Mβ are delineated
by thinner lines. Regions are labeled using the connectogram
abbreviations of Irimia et al. [64]. Frontal regions are the
FMarG/S, InfFGOrp, InfFGTrip, MFG, OrG, SbOrS, SupFG,
SupFS, and TrFPoG/S; limbic regions are the ACgG/S, PerCaS,
PosDCgG, and PosVCgG; temporal regions are the InfTS,
PaHipG, SupTGLp, and SupTS; parietal regions are the AngG,
POcS, PrCun, and SbPS. (B) Graph representation ofD(HC, TBI).
Nodes are color-coded and grouped by module. Edge colors
encode t score values, according to the color bar in (A). Abbrevi-
ations: R, right; L, left; Hip, hippocampus. Cortical region abbre-
viations: ACgG/S, anterior cingulate gyrus and sulcus; AngG,
angular gyrus; FMarG/S, frontomarginal gyrus and sulcus;
InfFGOrp, inferior frontal gyrus, orbital part; InfFGTrip, inferior
frontal gyrus, triangular part; InfTS, inferior temporal sulcus;
MFG, middle frontal gyrus; OrG, orbital gyrus; PaHipG,
parahippocampal gyrus; PerCaS, pericallosal sulcus; POcS,
parieto-occipital sulcus; PosDCgG, posterior dorsal cingulate gy-
rus; PosVCgG, posterior ventral cingulate gyrus; PrCun,
precuneus; SbOrS, suborbital sulcus; SbPS, subparietal sulcus;
SupFG, superior frontal gyrus; SupFS, superior frontal sulcus;
SupTGLp, superior temporal gyrus, lateral part; SupTS, superior
temporal sulcus; TrFPoG/S, transverse frontopolar gyrus and
sulcus
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hypothesis ρij(TBI) − ρij(HC) = 0, and a similar proce-
dure is used forDij(AD,HC). A similarity matrix S(TBI,
AD) was also calculated to describe significant statistical
equivalences of ρij across study groups. Each matrix
element Sij is set to the TOST t statistic which had the
smallest magnitude.

Network analysis

To investigate DMN-related commonalities and differ-
ences between TBI and AD, three analyses were carried
out. The first two involved studying D(HC, TBI) and
D(HC, AD) to group DMN nodes based on how TBI
modulated their correlation differences relative to HCs
and ADs, respectively. The third one examined S(TBI,
AD) to identify DMN nodes affected equivalently in
both TBI and AD. To identify network modules, the
Louvain algorithm for community detection [25] was
applied 100 times for each matrix to identify module
partitions. The symmetric reverse Cuthill-McKee
(RCM) ordering [26] of each module was then calculat-
ed to rearrange nodes within each module. This method
permutes the rows and columns of a symmetric sparse
matrix to form a band matrix with minimal bandwidth,
i.e., whose nonzero elements are optimally close to the
diagonal. The algorithm identifies a pseudo-peripheral
vertex of the network, and then utilizes a breadth-first
search to order vertices by decreasing distance from the
pseudo-peripheral vertex. When applied to each module
of S, such blocks are arranged along the main diagonal
and produce a visual representation which facilitates
module inspection and analysis. Network analysis was
implemented using the freely available Brain Connec-
tivity Toolbox (sites.google.com/site/bctnet).

Network randomization

To determine whether modules’ node memberships
were dependent upon the DMN parcellation scheme
used in the study, the DMN was reparcelled randomly
100 times to generate alternative parcellations which
had the same number of nodes as the original DMN
but different cortical patches corresponding to each
node. An approach similar to those of Gordon et al.
[27] and Irimia and Van Horn [28] was used to obtain
randomized parcellations of the DMN. Briefly, random
points within the cortical coverage of the DMN were
selected. From these seeds, parcels were simultaneously
expanded outward on the cortical mesh until they met

either other parcels or the boundary of the DMN. The
procedure for identifying network modules was imple-
mented for each randomized parcellation, and the mod-
ularity structure of the network was found each time by
applying the Louvain algorithm 100 times to each ma-
trix. The spatial overlap between each original module
and the randomized modules was quantified using the
Sorensen-Dice coefficient [29].

Acute cognitive impairment vs. chronic brain function

A multivariate regression analysis was implemented to
study the relationship between TBI patients’ acute Mo-
CA scores and the number of their chronic FCs which
were statistically equivalent to those of AD patients. The
latter involved region pairs with the largest absolute
values of Sij (highest similarity across TBI and AD):
(a) the right superior temporal sulcus and the right
anterior cingulate gyrus/sulcus, (b) the left and right
superior frontal gyri, (c) the left hippocampus and supe-
rior temporal sulcus, and (d) the left middle frontal gyrus
and the ventral part of the posterior cingulate gyrus. The
predictor variables were the entries in S associated with
these region pairs, and the response variable was the
MoCA score. Sex, age at MRI acquisition, and educa-
tional attainment were included as covariates. Cohen’s
f2 was used as a measure of effect size and the null
hypothesis of overall regression was tested using Fish-
er’s F test [30]. To confirm and to broaden regression
findings, a support vector machine (SVM) was imple-
mented in MATLAB (http://mathworks.com) with
default parameters and using the iterative single data
algorithm (ISDA), a linear kernel function, and a
heuristically assigned kernel scale parameter. The
SVM was trained and cross-validated tenfold to distin-
guish (a) TBIs with relatively moderate AD-like DMN
deviations from normality (i.e., with 7 or fewer statisti-
cal equivalences across TBI and AD) from other TBIs
and also (b) TBIs with relatively extensive abnormalities
(i.e., with at least 15 equivalences) from other TBIs. Let
NE be the number of significant equivalences identified
(NE = 22 here, see Fig. 3). Then the threshold values of 7
and 15 correspond to ⌊NE/3⌋ and ⌈2NE/3⌉, respectively
(Fig. 3). For the SVM, the number of true negatives
(TNs), true positives (TPs), false negatives (FNs), and
false positives (FPs) was computed, as were the true
positive rate (TPR, or sensitivity), true negative rate
(TNR, or specificity), positive prediction value (PPV,
or precision) and Matthews’ correlation coefficient
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(MCC) [31]. Regression and SVM analyses were im-
plemented in MATLAB using the glmfit, fitcsvm,
and predict functions.

Visualization

Matrices were visualized to identify and examine DMN
modules (Fig. 1, Fig. 2, and Fig. 3). Matrix entries were
thresholded by statistical significance; for example, if ρij
does not differ significantly between the groups com-
pared, the cell for Dij is drawn in white. Similarly, if ρij
does not differ significantly between TBI and AD, and
the cell for Sij is also drawn in white. For statistically
significant results, dissimilarity matrix cells are drawn in
either red or blue, depending on their sign (see the
caption to Fig. 3). To facilitate inspection, the cortical
regions within each module were drawn on an average
atlas representation of the brain. Graph representations
of each functional correlation matrix were also generat-
ed using Gephi software (http://gephi.org). In these,
each region’s node was depicted as a circle whose
diameter was proportional to the number of cortical
regions to which the region represented by the node
was functionally connected. Similarly, edges were
colored using shades of blue or red to reflect the t
score of lowest magnitude associated with the TOSTs
for statistical equivalence testing.

Results

Demographics

Three cohorts were studied: HC participants (48 sub-
jects, 22 females; age μ ± σ = 69 ± 5 years (y)), geriatric
mTBI subjects with CMBs (29 subjects, 13 females; 68
± 6 y), and AD patients (37 subjects, 18 females; 74 ± 8
y). Further demographic descriptors are provided in the
“Methods” section. CMB counts were found to range
from 0 to 43 (μ ± σ = 13 ± 9) in HCs, from 0 to 89 (μ
± σ = 17 ± 14) in mTBI volunteers, and from 0 to 6 (μ
± σ = 1.0� 1:7

1:0) in AD patients. No significant differ-
ences in mean age were found between HC and TBI
participants (t = 0.52, df = 47, p = 0.60, Cohen’s d =
0.36), between HC and AD volunteers (t = − 0.95, df =
55, p = 0.17, Cohen’s d = 0.16), or between TBI and AD
patients (t = − 1.24, df = 64, p = 0.11, Cohen’s d = 0.46).
No significant differences in sex ratios were found

across groups (χ2 = 0.22, df = 1, p = 0.90, ϕ = 0.09).
Significant differences in MoCA scores were found
between HC and acute TBI participants (t = 5.7, df =
50, p < 0.001, Cohen’s d = 1.50), between HC and AD
participants (t = 9.0, df = 44, p < 0.001, Cohen’s d =
2.36), but not between acute TBI participants and AD
patients (t = 0.4, df = 61, p = 0.65, Cohen’s d = 1.58).
Similarly, significant differences in MMSE scores were
found between HC and acute TBI participants (Welch’s
t = 5.4, df ≃ 28.7, p < 0.001, Cohen’s d = 1.2), between
HC and AD participants (Welch’s t = 10.8, df ≃ 37.2,
p < 0.001, Cohen’s d = 2.7), but not between acute TBI
participants and AD patients (Welch’s t = 1.3, df ≃ 48.7,
p = 0.1, Cohen’s d = 0.3).

(Dis)similarity matrices and modularity

Participants’ DMNs were delineated and then parcelled
into gyri and sulci based on the morphometric bound-
aries between cortical structures, as previously de-
scribed. For each pair of regions i and j, clusters of
significant functional correlations ρij were then identi-
fied. Two dissimilarity matrices D(TBI,HC) andD(AD,
HC) were computed to quantify significant mean differ-
ences in ρij between HC and each of the study groups
(TBI and AD, respectively). A similarity matrix S(TBI,
AD) was also calculated to describe significant statistical
equivalences of ρij across TBI and AD. Both similarity
and dissimilarity were quantified using Student’s t
scores (see Methods).

To determine which brain regions are similarly vulner-
able to TBI- and to AD-related deviations from normality
(i.e., from HCs), network modules were identified within
each (dis)similarity matrix. For reproducibility, the depen-
dence of module composition upon the anatomy-based
parcellation scheme was also explored. This was done by
repartitioning the DMN randomly and repeatedly to create
alternative parcellations which had the same number of
nodes—but different spatial configurations—as the origi-
nal, anatomy-based parcellation. The process of identify-
ing network modules was then repeated for each of these
randomized parcellations. At every iteration, DMN mod-
ules were identified in each dissimilarity matrix; the num-
ber NR of randomized modules (μ ±σ = 2.01 ± 0.3) was
not found to differ significantly from the number of mod-
ules NA obtained using the anatomic parcellation (NA= 2;
Student’s t > 0.37, df = 99, Cohen’s d = 0.03). Further-
more, the original and randomized modules overlapped
spatially with high consistency across the 100
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Fig. 2 Like Fig. 1, for D(HC, AD). The color-coded quantity is a t statistic with 82 df. See the caption of Fig. 1 for abbreviations
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randomizations (Sørensen-Dice coefficient μ ±σ = 0.94 ±
0.06; 95% CI = [92.89, 95.10]). Thus, the randomized
modules’ nodal memberships and spatial coverages agreed
with those of the original modules.

DMN modules in mTBI versus HC

RCM orderings [26] were used to display modules along
the main diagonal of each (dis)similarity matrix. The
RCM-ordered modules of D(HC, TBI) and D(HC,AD)
are displayed in Fig. 1 and Fig. 2, respectively, as are the
graph representations of the corresponding dissimilarity
matrices. Mα, the first module common to both D(HC,
TBI) and D(HC,AD), includes (a) the hippocampus, (b)
ventral and dorsal prefrontal cortex, and (c) the ventral
aspect of the posterior cingulate gyrus. Significant func-
tional correlations between nodes withinMα do not differ
significantly across TBI and HC (Fig. 1); this may indicate
that, on average, the geriatric mTBI patients did not expe-
rience substantial FC alterations within brain areas covered
by Mα within the first ~ 6 months post-injury. Mβ, the
secondmodule along the diagonal ofD(HC,TBI), contains
all the DMN regions outside Mα. Within Mβ, correlations
are consistently weaker in mTBI participants relative to
HCs. Furthermore, the superior frontal gyrus and
precuneus are found to be the two structures whose TBI-
related FC deviations from normality are the broadest
across the DMN. FC differences between TBI and HC
involve relatively few pathways connecting Mα and Mβ.
Thus, although Mα connections are considerably less af-
fected by TBI comparedwithMβ, some pathways between
these modules are not.

DMN modules in AD versus HC

Whereas FC is typicallyweaker in TBI than inHC (Fig. 1),
AD patients’ FC deviations from normality vary consider-
ably (Fig. 2). These deviations can be grouped into five
modules which occur bilaterally; the first is identical toMα

and the rest are subdivisions of Mβ (Mβ1
through Mβ4

).
Across AD and TBI,Mα,Mβ3

, andMβ4
are similar in that

their intramodular FCs do not differ significantly from
those of HC participants.Mβ1

is a frontotemporal module
with relatively few intramodular FC differences between
AD and HC but with considerably more differences of this
kind involving intermodular connections. Mβ2

contains
broadly distributed frontal, limbic, and parietal regions;
comparing the HC and AD groups from the standpoint

of correlationswithinMβ2
reveals sparse group differences

involving both intra- and intermodular connections. Like
in the case ofMα, AD patients’Mβ3

andMβ4
modules do

not have intramodular correlationswhich differ significant-
ly fromHC, although both subunits exhibit numerous such
differences involving intermodular connections.

DMN modules in TBI versus AD

Figure 3 displays the similarity matrix S(TBI,AD) and its
graph representation to identify regions with statistical
equivalences across study groups. Regions exhibiting such
similarities involve the dorsolateral prefrontal cortex, the
lateral temporal lobe, and the ventral aspect of the posterior
cingulate gyrus. The hippocampus is topologically proxi-
mal to the latter two areas; furthermore, hippocampo-
cortical correlations are substantially affected in both TBI
and AD. Nevertheless, only few hippocampo-cortical cor-
relations are statistically equivalent across these conditions.
The strongest similarities between TBI and AD involve
connectivity between the lateral temporal lobe and anterior
cingulate cortex, as well as between dorsolateral prefrontal
cortex and each of the following three structures: the
hippocampus, the lateral temporal lobe, and the posterior
cingulate cortex.

Acute cognition versus chronic DMN in TBI

Upon testing the association between MoCA scores and
the number of FC similarities (i.e., pairwise statistical
equivalences) between TBI and AD, the null hypothesis
of the test for overall multivariate regression was rejected
(F = 1.6, df1 = 5, df2 = 111, p< 0.0034, Cohen’s f

2 = 0.39).
In other words, this test rejected the null hypothesis ac-
cording to which there was no multivariate correlation
between (a) MoCA scores and (b) the number of FC
similarities involving TBI and AD. To study further the
relationship between acute cognition and chronic DMN
dysfunction, two support vector machines (SVM) were
used. The first one was trained on 50% of each cohort to
distinguish TBI participants with relatively moderate AD-
like DMN deviations from normality (i.e., with 7 or fewer
statistical equivalences across TBI and AD) from other
TBI participants. Another SVM was trained on 50% of
each sample to distinguish TBI participants with relatively
extensive abnormalities (i.e., with 15 ormore equivalences)
from the rest of the TBI participants. The means and
standard deviations for the number of TNs, TPs, FNs,
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and FPs were computed, as were their TPRs (i.e., sensitiv-
ities), TNRs (i.e., specificities), PPVs (i.e., precisions), and
MCCs. Across 100 scenarios, the SVM trained to identify
TBI patients whose similarities to AD were relatively
modest (7 or fewer equivalences) achieved the following
means and standard deviations: TN= 18.0 ± 0.8; TP = 9.0
± 0.6; FN = 1.0 ± 0.6; FP = 1.0 ± 1.0; TPR= 0.90 ± 0.06;
TNR= 0.95 ± 0.06; PPV= 0.91 ± 0.1; and MCC= 0.85
± 0.1. The SVM trained to predict which TBI patients’
similarities to ADwere relatively broad (15 or more equiv-
alences) yielded the following results: TN = 17.1 ± 0.7;
TP = 10.0 ± 0.7; FN = 0.9 ± 0.7; FP = 1.1 ± 1.0; TPR =
0.9 ± 0.1; TNR= 0.95 ± 0.1; PPV= 0.9 ± 0.1; and MCC=
0.86 ± 0.1. Figure 4A displays cortical maps of Mα and
Mβ on the surface of an average brain atlas, contrasting the
fact thatMα includes primarily frontal regions whereasMβ

includes the rest of the DMN. Figure 4B displays DMN
parcels whose chronic DMN similarities across TBI and
AD were accurately predicted from acute MoCA scores
using the two SVMs. These regions include areas of the
dorsolateral prefrontal, lateral temporal, posterior cingu-
late, and parahippocampal cortices.

Discussion

Significance

mTBI patients with relatively high rates of neural deg-
radation may be at commensurately high risk for AD,

and the estimation of such risk can be assisted by
knowledge of how TBI modifies brain function along
AD-like trajectories. Thus, an important indication of
this study is that the DMNs of geriatric mTBI patients
can exhibit distinct patterns of AD-like RS FC as early
as ~ 6 months post-injury. If this is the case, our finding
highlights older adults’ substantial vulnerability to TBI
[32] and may be unsurprising given that the highest
incidence of TBI is in older adults [5], where even
injuries of mild severity can increase AD risk [8]. An
alternative, more general interpretation is that geriatric
mTBI patients exhibit RS FC patterns which may occur
in several neurodegenerative diseases among which AD
can be counted.

The outcome of the test of overall regression indi-
cates a significant, inverse association between TBI
patients’ acute MoCA scores and the extent of their
chronic DMN similarities to AD. This outcome is con-
firmed by the SVM classifications, which achieved sen-
sitivities and specificities which compare favorably with
those for blood and imaging biomarkers of AD [33].
Our results may be useful for predicting the risk of AD-
like functional degradation after TBI because mTBI
patients’ acute cognitive scores are predictive of their
AD-like DMN features. Thus, our study is significant in
three distinct ways. Firstly, it identifies a set of function-
al DMN features which are common to both geriatric
mTBI and AD. Secondly, it demonstrates that the anal-
ysis of RS FC in the DMN using the present approach
can reveal the extent to which mTBI-affected function
may transition onto AD-like trajectories. Thirdly, it
suggests that, if AD-like abnormalities are indeed com-
mensurate to mTBI patients’AD risk, the DMN features
described here can be used to improve AD risk estima-
tion. An alternative and potentially broader implication
is that our results can be used to improve risk estimation
not only in AD but also in other neurodegenerative
conditions whose brain degradation patterns resemble
those of AD in their early stages.

Connectomic pathophysiology

Although DMN subdivisions have been mapped with
high stability across health and disease [14], such sub-
units’ relative vulnerability to TBI is not well under-
stood. An intriguing finding of this study is that the node
memberships of Mα, Mβ2

, and Mβ4
are consistently

similar across the TBI and AD groups (Fig. 1 and

Fig. 3 The similarity matrix S(TBI, AD) displays statistically
significant equivalences of functional correlation ρ between the
TBI and AD groups. Each cell Sij encodes the result of testing the
null hypothesis of equivalence in ρij across these two groups. This
null hypothesis is only tested if both TBI and AD differ
significantly from HC. In other words, if there is no significant
mean difference in ρ between/either (a) HC and TBI and/or (b) HC
and AD, Sij is drawn in white. If both study groups differ from the
HC group but no significant statistical equivalence is found across
TBI andAD, Sij is also drawn in white. Elsewhere, the color-coded
quantity is the value of the TOST procedure’s t statistic with the
smallest magnitude. The color-coded quantity is a t statistic with
63 df. If a statistical equivalence is associated with a relatively
stronger correlation in both TBI and AD relative to HC, t is
positive and Sij is drawn in red; if the correlation is weaker relative
to HC, t is negative and Sij is drawn in blue. Boundaries between
Mα andMβ are delineated by thick black lines; boundaries between
the submodules of Mβ are delineated by thinner lines. See the
caption of Fig. 1 for abbreviations. (B) Graph representation of
S(TBI, AD). Nodes are color-coded and grouped by module. Edge
colors encode t score values, according to the color bar in (A)

R
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Fig. 2). The probability of such an occurrence being due
to chance is low given the results of our randomization
analysis and the fact that the modules of each dissimi-
larity matrix were identified independently of one an-
other. Instead, it is more likely that this likeness of
modularity could be due to intrinsic properties of the
DMN which modulate their susceptibility to TBI and
AD, and perhaps even to neurodegenerative processes
in general.

Mα contains primarily fronto-hippocampo-limbic
connections. For this reason, the existence of modular
structure resemblances between TBI and ADmay imply
that both conditions impact intermodular connections
within Mα, Mβ2

, and Mβ4
in ways which are substan-

tially different from how they affect the rest of the
DMN. Since the three modules are distinct, however,

their existence may also indicate that, although FC
within DMN subunits can be robust to geriatric mTBI,
such robustness can manifest itself in distinct ways via
mechanisms which are yet to be determined. Although
appealing, the task of exploring such network-theoretic
differences between DMN subunits could not be under-
taken adequately here due to the small effect sizes
implied by such differences. More specifically, such
minute effect sizes require commensurately large sam-
ples to avoid high probabilities for errors of type I and/or
II when contrasting module properties across groups.
Thus, future research should aim further to study DMN
similarities between TBI and AD.

The properties of the Mα module summarized in
Fig. 1 and Fig. 2 suggest that geriatric mTBI
affects certain FCs between frontal, limbic, and

Fig. 4 Cortical maps of DMNmodules. (A)Mα (magenta) andMβ (cyan) mapped on the surface of an average brain atlas. (B) TBI-affected
brain regions in S(TBI, AD) (see Fig. 3) whose chronic similarity to AD was predicted based on acute cognitive scores using SVMs
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hippocampal areas in ways which differ from those
pertaining to other DMN regions. This is perhaps
unsurprising given that many frontal areas experi-
ence atrophy as early as middle age [34] and that
the frontal lobe appears to exhibit distinct trajecto-
ries in TBI compared with AD [35–37]. On the
other hand, although FC involving the hippocam-
pus and cingulate areas is sensitive to both TBI
and AD from the early stages of both conditions
[38–40], their interactions within the RS DMN
remain poorly understood and require further re-
search. Interestingly, only very few hippocampo-
cortical connectivity alterations were found to be
statistically similar across AD and mTBI (Fig. 3),
despite such connections being significantly affect-
ed by both conditions. This may suggest that geri-
atric mTBI and AD affect this connectivity ensem-
ble in different ways and that the functional abnor-
malities observed in this study might be associated
with dissimilar functional trajectories within DMN
modules during posttraumatic neurodegeneration.
Here it is important to remind the reader of the
aphorism according to which “absence of evidence
is not evidence of absence.” In our context, this
means that the absence of a statistical similarity
finding between TBI and AD—as represented by
blank connectivity matrix cells in Fig. 3—does not
imply evidence for the absence of such similarities.
Instead, there are at least two possible scenarios.
The first of these involves the situation where a
similarity exists but its effect size is not large
enough for its adequately powered detection to be
possible in this sample. In the second scenario,
although the FCs of both TBI participants and
AD patients differ significantly from the FCs of
HCs, the former two are not significantly equiva-
lent. To provide an example of this, consider the
scenario where the mean FC between two regions
is 0 in HC, 0.8 in TBI, and− 0.8 in AD, and the
standard deviation of each measure is 0.01. Clear-
ly, the FCs of the TBI group (0.8) and that of the
AD group (− 0.8) are both significantly different
from that of HCs (0); nevertheless, the FCs of the
TBI and AD groups differ substantially from each
other (0.8 vs. − 0.8), such that these FCs are not
statistically equivalent. This simple example high-
lights the need to interpret statistical equivalent
findings carefully.

In this study, the most prominent common feature of
Mα, Mβ3

, and Mβ4
is the extent to which the

intermodular connections of these three modules deviate
from normality in both mTBI and AD. Furthermore,
none of these modules exhibits intramodular connectiv-
ity which differs significantly fromHCs in either clinical
condition. These findings suggest, at the very least, that
posttraumatic functional connections can be grouped
according to their relative vulnerability to injury-
related neurodegeneration. This is analogous to the sim-
ilar task of grouping structural connections based on
their vulnerability to injury, which entails mapping the
structural scaffold of the human connectome [41]. Nev-
ertheless, findings like ours may be difficult to interpret
further in the absence of connectome-wide characteriza-
tions of connectivity between the DMN and the rest of
the brain. Thus, future studies should aim to clarify how
DMN subdivisions differ from the standpoint of their
response to TBI or AD.

There are relatively few statistical similarities be-
tween TBI and AD (Fig. 3), despite the much greater
number of significant differences between HC and TBI,
as well as between HC and AD (Fig. 1 and Fig. 2). To
contextualize this, it is important to note that the statis-
tical similarities observed in this study between TBI and
ADwere detected only ~ 6 months after geriatric TBI of
mild severity. Presumably, injuries of greater severity
can be associated with additional significant similarities,
and future research should test this hypothesis. For
example, the severity of TBI- and AD-related digestive
disturbances may be associated with connectomic dis-
ruptions which affect similar cortical areas and which
may be associated with injury/disease severity [42–45].

It is not unlikely that the pathophysiological process-
es giving rise to the relatively few observed similarities
between TBI and AD continue to affect the aging brain
long after injury. Thus, the number of DMN-related
similarities between TBI and AD may be proportional
to how late after injury such similarities are measured
and quantified. Specifically, if the neuropathological
processes initiated by TBI continue to affect the DMN
long after injury, it is possible that TBI and AD patients’
DMNs start to resemble each another more and more as
the time since injury increases. If this is the case, the
number of statistical similarities observed here may
provide a lower bound on the number of similarities
between geriatric mTBI and AD. In such a scenario,
the later fMRI recordings are acquired post-injury, the
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greater DMN degradation there should be along AD
trajectories. Whether this conjecture is valid should be
investigated by future studies.

Neurovascular pathophysiology

The occurrence of CMBs in geriatric mTBI patients is
relevant to the spatial profile and severity of posttrau-
matic WM alterations [16, 32, 46]. Previously, we
showed that the trajectories and integrities of WM fas-
ciculi passing through the vicinity (penumbrae) of post-
traumatic CMBs can be altered in ways which persist for
at least 6 months post-injury [47, 48]. Furthermore,
other studies have found that CMB count is associated
with network alterations in patients with early AD as
well [49]. Since CMBs are associated with structural
connectivity changes in both TBI and AD, these mani-
festations of blood-brain barrier breakdown may also
modulate functional connectivity patterns shared by TBI
and AD. In the present study, however, AD patients’
CMB counts were quite low, which suggests that CMB-
related network changes previously observed in AD are
relatively unlikely to drive the RS FC similarities be-
tween mTBI participants and AD patients described
here. One could argue that, in ideal circumstances,
(dis)similarities between HCs, mTBI patients, and AD
participants should be studied in the absence of CMBs;
this, however, is particularly challenging in older adults.
For example, in geriatric TBI patients, posttraumatic
CMBs are frequently co-morbid with CMBs of hyper-
tensive etiology, as well as with CMBS due to cerebral
amyloid angiopathy (CAA), which is also a risk factor
for AD. Because of the relatively high combined prev-
alence of neurovascular disease, CAA, and hypertension
in older adults [46], studying TBI-related brain network
alterations in the absence of CMBs may be either logis-
tically impractical or of limited relevance to the patho-
physiological processes of the average person’s aging
brain. In other words, studying functional network al-
terations in CMB-free older individuals may limit the
utility of the insights gained from such studies to a
relatively minor subset of the aging adult population.
Although elucidating how CMBsmodulate the extent of
AD-like FC patterns in the mTBI-affected brain is be-
yond our scope, this study’s inclusion of individuals
with a wide range of CMB counts assists in resolving
AD-like FC trajectories in a sample whose
neurovascular profile reflects, at least to some extent,
the radiological findings of aging adults with TBI and/or

AD. Future research should aim to clarify the extent to
which CMBs modulate the extent and severity of AD-
like FC deviations from normality in geriatric mTBI
patients.

Comparison to prior studies

Arguably, the statistical similarities between study
groups (TBI and AD) are of greatest interest in this
study. Nevertheless, differences between HC and TBI
and between HC and AD are also relevant because they
underlie key comparisons between TBI and AD [50].
Fortunately, the comparison of our results to those of
previous studies strengthen the case for our own analy-
sis and broadens the scientific consensus on DMN dif-
ferences between (a) HC vs. TBI and (B) HC vs. AD.

Our findings are in broad agreement with those of
important previous studies on DMN abnormalities after
TBI. For instance, Mayer et al. [13] reported that, com-
pared with mTBI, HC subjects have stronger FC be-
tween the (a) anterior and posterior cingulate cortices,
(b) anterior cingulate cortex and the superior frontal
gyrus, (c) anterior cingulate cortex and the
supramarginal gyrus, (d) the inferior parietal lobule
and posterior parietal cortex, (e) the inferior parietal
lobule and the middle frontal gyrus, (f) prefrontal cortex
and the superior parietal lobule, and between (g) pre-
frontal cortex and the superior frontal gyrus. Our find-
ings are in remarkable agreement with those of Mayer
et al. (Figure 1). Furthermore, like in the present study,
Johnson et al. [11] identified stronger FC in HC partic-
ipants compared with TBI volunteers between posterior
cingulate cortex and the hippocampal formation. These
authors also found that (a) the lateral parietal lobes have
significantly more bilateral RS FCs to the dorsolateral
prefrontal cortex in HCs, that (b) mTBIs show only
ipsilateral connections between these regions, and that
(c) RS FCs between medial prefrontal and lateral parie-
tal cortices are primarily observed in mTBI. These three
sets of findings are replicated by our own study
(Figure 1).

Influential prior results on DMN differences between
HC and AD are confirmed by ours. For example, as we
did, Greicius et al. [51] found that AD patients exhibit
deficient activity involving the hippocampus and poste-
rior cingulate cortex. In AD patients, Damoiseaux et al.
found stronger FCs between (a) the frontal poles and
other anterior frontal regions, (b) the left superior frontal
gyrus and other frontal regions, and between (c) the
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precunei and the frontal poles, but weaker FCs involv-
ing regions like the superior andmiddle frontal gyri. Our
results confirm the findings of Greicius et al. (Fig. 2) as
well as those of Zhang et al. [52], who found reduced
RS FCs between (a) posterior cingulate cortex and the
hippocampus, (b) posterior cingulate cortex and the
precuneus, and between (c) dorsolateral prefrontal cor-
tex and middle temporal areas. Additionally, as we did,
Zhang et al. found stronger RS FCs between the
precuneus and many dorsolateral prefrontal regions.

Equivalence testing

This study uses equivalence testing, which originates in
pharmacokinetics [53]. There, marketing new drugs
requires testing whether their effectiveness is
undistinguishable from that of older andmore expensive
competitors. Here, testing whether TBI-related DMN
alterations are equivalent to AD-related alterations as-
sists in illustrating how TBI and AD can result in statis-
tically indistinguishable patterns of DMN deviations
from normality (i.e., from HCs). Using equivalence
testing in studies like ours is key because attempting to
establish equivalence using statistical tests of conven-
tional null hypotheses (e.g., μ1 = μ2) frequently leads to
incorrect conclusions. Specifically, a significant result
after such a test establishes a difference, whereas a non-
significant one simply implies that equivalence cannot
be ruled out. Thus, the risk of wrongly inferring equiv-
alence can be very high, such that proper equivalence
testing is needed instead [23]. In the current context, it is
important to emphasize that equivalence testing was
implemented here only for pairs of regions whose partial
correlations ρij differed significantly from HCs in both
AD and mTBI. If this constraint had not been imposed,
distinguishing normal from abnormal statistical equiva-
lence patterns would not have been possible within this
statistical inference framework.

Modularity structure

Here, DMN modules were identified from dissimilarity
matrices rather than from FC matrices, as typical of
functional connectomics studies [54]. Thus, the modules
found in this study should be interpreted as groups of
nodes whose FCs deviate from normality in similar
ways, rather than as sets of nodes which are similarly
connected to one another. The concept of deriving mod-
ularity properties from dissimilarity matrices is not new

and is, in fact, the basis of multidimensional scaling
(MDS)—an ordination technique for information visu-
alization and dimensionality reduction which has been
used widely for decades [55]. In MDS, like here, dis-
similarity matrices can be conceptualized as distance
matrices whose entries are calculated using a distance
function whose definition can be conveniently assigned
depending on the nature of the data. In this study, the
distance in question is a t score, which is a proper
statistical metric defined as the standardized difference
between two group means. This framework is univariate
and therefore accommodates only onemeasure at a time,
i.e., functional correlation in our case. However, should
additional connectivity measures (e.g., Granger causal-
ity, phase locking value) or functional modalities (e.g.,
electro- or magnetoencephalography) be available
[56–58], this formalism could be extended to an arbi-
trary number of dimensions using the (multivariate)
Mahalanobis distance and/or non-Euclidian metrics,
like in generalized MDS [59].

Replicability

Our findings should be replicated in larger cohorts for
confirmation and improvement of statistical estimates.
Although the samples used in this study were of mod-
erate size, the effects reported here reflect relatively
large mean differences between cohorts. This is perhaps
unsurprising because, across a variety of studies and
methodologies, even TBI of mild severity has been
associated consistently with large statistical effects re-
lated to anatomical and physiological measures [60].
Furthermore, the mTBI participants studied here did
not have clinical findings on MRI except for sporadic,
SWI-detectable CMBs; this is rare in TBI studies. Thus,
the present study facilitates the comparison of TBI to
AD partly due to the uniquely suitable profile of the
geriatric TBI sample involved, whose MRI profile is
relatively rare; this lends strength and uniqueness to the
present study. Specifically, the effect sizes characterized
here are more likely to be due to functional—rather than
to structural—pathology because the structural MRI
findings of these geriatric mTBI patients are minimal.
For this reason, the large statistical effects of TBI upon
the DMN are quite likely responsible for the large effect
sizes reported. This contrasts with many other neurolog-
ical conditions, where FC metrics often exhibit relative-
ly smaller effect sizes, such that considerably larger
samples are often required to detect effects of interest
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with adequate statistical power. It also contrasts with
most other TBI studies, where gross TBI pathology on
MRI findings is the norm. Nevertheless, despite the
unique characteristics of our sample, further research
in a larger cohort remains necessary for replication. This
observation also pertains to our SVM findings, which
may not be applicable to TBI cohorts of greater severity,
even if only due to the greater heterogeneity of
moderate-to-severe TBI relative to mTBI. Thus, our
findings should not be interpreted as being broadly
applicable to TBIs of any severity. Furthermore, the
predictive value of our SVM relies heavily on acute
MoCAs, whose values do not convey well the rich
subtleties of posttraumatic cognitive impairment [61].
Thus, future studies should aim to utilize more detailed
descriptors, preferably across all cognitive domains
[62], to take better advantage of SVMs’ potential for
functional outcome prediction. Finally, it should be
mentioned that replication of our findings using electro-
physiological techniques like electro- and magnetoen-
cephalography (EEG and MEG, respectively) [56, 63]
would be very helpful in establishing the spatiotemporal
parameters of the (dis)similarities observed here.

Limitations

It is important to acknowledge the possibility that the
similarities between mTBI and AD described here may
also be shared by mTBI with other neurodegenerative
conditions. Although exploring whether this is the case
is outside the scope of this study, future research should
attempt to clarify whether the similarity patterns identi-
fied are representative not only of mTBI similarities to
AD but also of the relationship between mTBI and other
neurodegenerative conditions like Parkinson’s disease,
for which TBI is also a risk factor. Furthermore, because
many participants were onmedications for neurological,
psychiatric, vascular, and/or metabolic disease when
scans were acquired, the extent to which comorbidities
affect the results of this study is unclear. Fortunately, the
proportion of volunteers on medications for vascular
and metabolic disease was approximately equal for the
mTBI and AD groups, such that confounds due to these
treatments are likely to be less severe than in the sce-
nario where large discrepancies between groups existed.
By contrast, the proportion of subjects undergoing treat-
ment involving medications for neurological/psychiatric
disease was much higher for the AD group (97%) than
in the mTBI group (62%), mostly because almost all AD

patients were taking cognition-enhancing medications.
The effects of comorbidities upon AD-like FC trajecto-
ries in mTBI patients are worthy of further study.

One potential limitation of FC studies like ours is that
results can be affected by how the DMN is defined and
by the cortical parcellation used for fMRI seed analysis.
Here, the DMN was defined based on the Yeo delinea-
tion and parcelled based on the intersection of this
delineation with the Destrieux parcellation scheme.
Nevertheless, the use of other parcellation schemes of
similar spatial resolution may not alter conclusions sub-
stantially because the randomization analysis undertak-
en yielded network modules whose anatomic coverage
was consistent. Last but not least, the equivalence mar-
gin used in this study was 0.2, which is considered to be
relatively conservative [23]; as the margin becomes
narrower and narrower, however, more and more hy-
potheses of equivalence are rejected. Unfortunately,
there is currently no consensus-based standard for the
“ideal” equivalence margin which life scientists should
utilize.

Conclusion

This study provides evidence that geriatric mTBI is
associated with DMN deviations from normality
which are statistically indistinguishable from those
observed in AD. The DMN regions affected can be
grouped into modules based on their vulnerability,
with striking similarities in the composition and
properties of these modules across the two neurolog-
ical conditions. Multivariate regression analysis iden-
tified a clear relationship between acute cognitive
deficits and chronic DMN alterations. Furthermore,
SVM classifications suggested that DMN features
may be useful for early prognostication of the extent
and sever i ty associa ted wi th post t raumat ic
neuropathophysiology. Nevertheless, the neurode-
generative processes of TBI and AD differ substan-
tially despite their potential commonalities. Thus, the
similarities in DMN alteration trajectories shared by
these conditions and reported here may not be driven
by similar trends toward functional reorganization.
Because the methodological limitations of functional
neuroimaging prevent us from a mechanistic explo-
ration of this hypothesis, future research should study
the pathophysiological mechanisms shared by TBI
and AD in further detail.
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Acute cognitive impairment after traumatic brain injury
predicts the occurrence of brain atrophy patterns similar
to those observed in Alzheimer’s disease
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Abstract Traumatic brain injuries (TBIs) are often
followed by persistent structural brain alterations and
by cognitive sequalae, including memory deficits, re-
duced neural processing speed, impaired social func-
tion, and decision-making difficulties. Although mild
TBI (mTBI) is a risk factor for Alzheimer’s disease
(AD), the extent to which these conditions share patterns
of macroscale neurodegeneration has not been quanti-
fied. Comparing such patterns can not only reveal how
the neurodegenerative trajectories of TBI and AD are
similar, but may also identify brain atrophy features
which can be leveraged to prognosticate AD risk after
TBI. The primary aim of this study is to systematically
map how TBI affects white matter (WM) and gray
matter (GM) properties in AD-analogous patterns. Our
findings identify substantial similarities in the regional
macroscale neurodegeneration patterns associated with
mTBI and AD. In cerebral GM, such similarities are
most extensive in brain areas involved in memory and
executive function, such as the temporal poles and
orbitofrontal cortices, respectively. Our results indicate
that the spatial pattern of cerebral WM degradation

observed in AD is broadly similar to the pattern of
diffuse axonal injury observed in TBI, which frequently
affects WM structures like the fornix, corpus callosum,
and corona radiata. Using machine learning, we find that
the severity of AD-like brain changes observed during
the chronic stage of mTBI can be accurately prognosti-
cated based on acute assessments of post-traumatic mild
cognitive impairment. These findings suggest that acute
post-traumatic cognitive impairment predicts the mag-
nitude of AD-like brain atrophy, which is itself associ-
ated with AD risk.

Keywords Traumatic brain injury . Alzheimer’s
disease .Mild cognitive impairment . Neuroimaging
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mTBI Mild traumatic brain injury
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Introduction

In the United States, around 1.7 million individuals
incur traumatic brain injuries (TBIs) annually, with an
incidence rate of around 500 TBIs per 100,000 people
[1]. The Glasgow Coma Scale (GCS) is an assessment
tool often used to rate TBI severity using measures of
responsiveness like eye-opening and verbal responses
[2]. Within the GCS, TBIs can be classified as mild,
moderate, or severe based on neurological measures
which include loss of consciousness (LOC) duration.
In the United States, mild TBI (mTBI) is the most
common classification and accounts for ~80% of all
TBI cases [1]. Brain morphometry studies of TBI often
utilize magnetic resonance imaging (MRI) and comput-
ed tomography (CT) [3] to provide noninvasive in vivo
mapping, visualization, and quantification of TBI
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sequelae. Furthermore, diffusion MRI (dMRI) can be
used to quantify the fractional anisotropy (FA) and
other properties of water diffusion along white
matter (WM) fibers in the TBI-affected brain to
identify abnormalities [4].

Chronic TBI effects on cognitive function can share
similarities with those of Alzheimer’s disease (AD) [5,
6]. Such effects may be particularly severe in older
individuals, who are ~3 times more likely to sustain a
TBI than those in any other age group [7, 8]. Such
greater vulnerability is partly due to a higher risk for
physical injuries (like falls) and to a higher likelihood of
pre-existing conditions at the time of injury, resulting in
poorer clinical outcomes [7]. Repeated mTBIs are par-
ticularly associated with AD risk [9–11], and post
mortem studies of mTBI effects on brain microstructure
have identified both Amyloid β (Aβ) plaques and neu-
rofibrillary tangles (NFTs) of τ protein which resemble
those observed in AD [10]. At the macroscale, however,
few studies have investigated whether TBI-affected
brain structure can change along AD-analogous trajec-
tories, particularly at older ages. Furthermore, the po-
tential relationship between TBI and AD remains
underexplored despite the epidemiological significance
of both conditions. Independent investigations that used
dMRI to compare the FAs of healthy controls (HCs) to
those of AD patients and acute mTBI victims found
significantly lower FA [4, 12], which is indicative of
damage, along WM tracts projecting to the hippocampi
and to temporal regions in the brains of AD and mTBI
patients [13, 14]. Researchers have also utilized cortical
thickness as a measure of gray matter (GM) atrophy and
have independently observed similar spatial patterns of
cortical thinning in AD and mTBI patients compared to
HCs [15–17]. Despite such similarities of findings com-
paring mTBI and AD to HCs, hardly any studies have
combined GM andWMmeasurements in a longitudinal
design to examine whether subacute neurodegeneration
after mTBI can occur along AD-analogous trajectories.

Previously, our laboratory showed that the acute
cognitive deficits of mTBI patients can predict AD-
like chronic alterations in brain function with high sen-
sitivity and specificity [18]. To complement these pre-
vious findings, the present study leverages MRI-based
WM analysis and GM morphometry to compare AD
and geriatric mTBI from the standpoint of their observed
differences in GM andWM structure. The hypothesis of
the study is that geriatric mTBI patients are significantly
more likely than typically aging adults to exhibit AD-

like trajectories of neurodegeneration, even as early as 6
months post injury. This study aims to illustrate our
ability to early identify mTBI patients at high risk for
AD-analogous neurodegeneration, and to suggest ave-
nues for the early estimation of AD risk after mTBI that
may carry substantial potential benefits to medical
science.

Methods

This study was conducted with the approval of the
Institutional ReviewBoard at the University of Southern
California and was carried out in accordance with the
Declaration of Helsinki and with the U.S. Code of
Federal Regulations (45 C.F.R. 46).

mTBI participants

mTBI participants (N = 33; 15 females; age μ = 62.7
years, σ = 10.6 years, range = 47–83 years) were re-
cruited with the assistance of board-certified clinicians
and/or other health professionals who had treated them
as outpatients and who had referred them for further
neurocognitive assessment, neurological treatment, and/
or neuroimaging. The team strove to minimize recruit-
ment bias by inviting all potential participants who
satisfied the study’s inclusion criteria and who could
provide written informed consent. To be included,
mTBI volunteers had to have (a) MRI recordings ac-
quired ~6 months post-injury at 3 T, (b) a TBI due to a
fall, (c) no clinical findings on acute T1/T2-weighted
MRI, (d) no clinical findings other than cerebral
microbleeds (CMBs) on susceptibility weighted imag-
ing (SWI, an MRI sequence type yielding images on
which hemorrhages and other iron-rich brain deposits
are hypointense), (e) an acute GCS score greater than 12
(μ = 14.1, σ = 0.7) upon initial medical evaluation, (f)
LOC of fewer than 30 min (μ ≃ 14 min, σ ≃ 3 min), (g)
post-traumatic amnesia of fewer than 24 h (μ ≃ 5.5 h, σ
≃ 3.2 h), and (h) a lack of clinical history involving pre-
traumatic neurological disease or disorders like demen-
tia and mild cognitive impairment (MCI), psychiatric
disorder or drug/alcohol abuse. CMBs were identified
from SWI, a gradient-echo MRI sequence that is sensi-
tive to the magnetic properties of tissues and fluids such
as blood [19]. Specifically, for mTBI subjects, CMBs
were first identified manually in each subject by eight
human experts with training in neuroimaging and in
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CMB identification from SWIs. Consensus meetings to
review CMB ratings were then held by a committee
including three of the eight experts; each CMB finding
was reviewed and discussed thoroughly during these
meetings until consensus was reached on the accuracy
of each CMB finding. TBI participants’ Montréal Cog-
nitive Assessment (MoCA) scores were acquired within
48 h post-injury and ranged between 23 and 30 (N = 33,
μ = 26, σ = 5). Mini Mental State Examination (MMSE)
scores were also acquired within 48 h post-injury and
ranged between 23 and 30 (N = 33, μ = 25, σ = 3).
Global Clinical Dementia Rating (CDR) sum of boxes
(CDR-SB) scores were not available for TBI partici-
pants. No Apolipoprotein E (ApoE) allele information
was available for TBI participants.

AD participants

AD patients (N = 66; 26 females; age μ = 75.6 y, σ = 8.9
y, range = 55–92 y) were selected from the AD Neuro-
imaging Initiative (ADNI) cohort, whose eligibility
criteria are described elsewhere [20]. For AD partici-
pants, CMBs were identified by a board-certified neu-
rologist. Where available, AD patients’ cognitive as-
sessments were made within 0 to 394 days after imaging
(N = 61, μ = 32 days, σ = 62 days). AD patients’MoCA
scores ranged from 2 to 28 (N = 61, μ = 15, σ = 5), and
all had a clinical AD diagnosis. MMSE scores were
available for most AD participants (N = 61, μ = 22, σ
= 3; range: 11–29). AD patients had global CDR-SB
scores between 1 and 14 (N = 61, μ = 5.35, σ = 2.34).
For AD patients with ApoE genotyping (N = 60), 30%
had no ε4 alleles, 50% had one, and 20% had two.

HC participants

HCs (N = 81; 59 females; age μ = 68.7, σ = 7.0 years,
range = 55–87 years) were selected from the ADNI
cohort, whose eligibility criteria are described elsewhere
[20]. For HC participants, CMBs were identified by a
board-certified neurologist. Most HC volunteers’ cogni-
tive scores were acquired within 0 to 302 days after
imaging (N = 72, μ = 29 days, σ = 42 days). HC
participants had been clinically evaluated as having
normal cognition; their MoCA scores ranged from 20
to 30 (N = 72, μ = 26, σ = 3). MMSE scores were
available for HCs and ranged between 22 and 30 (N =
72, μ = 29, σ = 1). HCs had global CDR-SB scores
between 0 and 2 (N = 72, μ = 0.05, σ = 0.25). For HCs

whose ApoE genotype had been determined (N = 68),
the number of ApoE ε4 alleles was zero for 63% of the
sample, one for 34%, and two for 3%.

Data acquisition

HC and AD participant data used for the preparation of
this article were obtained from the ADNI database
(http://adni.loni.usc.edu). ADNI was launched in 2003
as a public–private partnership, led by Principal Inves-
tigator Michael W. Weiner, MD. The primary goal of
ADNI has been to test whether serial MRI, positron
emission tomography (PET), other biological markers,
and clinical and neuropsychological assessment can be
combined to measure the progression of MCI and early
AD. For up-to-date information, see www.adni-info.
org. TBI imaging data were acquired at 3 T using the
Prisma MAGNETOM Trio TIM MRI scanner model
(20-channel head coil, Siemens Corporation, Erlangen,
Germany). Data included T1- and T2-weighted, fluid-
attenuated inversion recovery (FLAIR), gradient
recalled echo (GRE)/SWI, and dMRI volumes. T1-
weighted images were acquired using a three-
dimensional (3D), magnetization-prepared rapid acqui-
sition gradient echo (MP-RAGE) sequence [repetition
time (TR) = 1,950 ms; echo time (TE) = 2.98 ms; inver-
sion time (TI) = 900 ms; voxel size = 1.0 mm × 1.0 mm
× 1.0 mm]. T2-weighted images were acquired using a
3D sequence (TR = 2,500 ms; TE = 360 ms; voxel size =
1.0 mm × 1.0 mm × 1.0 mm) [4]. Flow-compensated
GRE/SWI volumes were acquired axially (TR = 30 ms;
TE = 20 ms; voxel size = 1.33 mm × 1.33 mm × 1.6
mm). dMRI volumes 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). One volume with b = 0
s/mm2 and another with b = 1,000 s/mm2 were also
acquired, where b is the diffusion-weighting constant
of diffusion-weighted imaging (DWI). All acquired data
were anonymized and de-linked prior to archiving and
analysis.

Preprocessing

DWI volumes were corrected for susceptibility-induced
artifacts, subject motion, and eddy currents using soft-
ware in the FMRIB Software Library (FSL). Based on a
pair of images with opposite phase encoding directions,
susceptibility-induced artifacts were estimated [21].
Subsequently, a brain mask was created, and

2018 GeroScience (2021) 43:2015–2039

http://adni.loni.usc.edu
http://www.adni--info.org
http://www.adni--info.org


susceptibility corrections were implemented, followed
by eddy current and patient motion corrections,
resulting in output containing the artifact-corrected,
skull-stripped brain volume. Then, the B vectors of each
volume were rotated such that any inadequate rotations
caused by patient motion were accounted for. DWI
volumes were further processed in FSL by fitting ten-
sors to corrected DWI volumes to perform diffusion
tensor imaging (DTI). These latter volumes were then
used for voxel-wise FA calculation such that FA maps
could be generated for each volume. T1-weighted vol-
umes underwent intensity normalization, bias field cor-
rection, and motion correction as part of the FreeSurfer
6.0 processing workflow (http://surfer.nmr.mgh.
harvard.edu).

Cortical reconstruction

The segmentation of subcortical structures, cerebral
WM, and cortical GM was based on T1-weighted vol-
umes and was implemented in FreeSurfer 6.0 with de-
fault execution parameters, as described elsewhere [22,
23]. Briefly, this process includes (1) the removal of
non-cerebral voxels using a hybrid watershed/surface
deformation procedure, (2) an automated transformation
to Talairach space, (3) voxel intensity normalization, (4)
segmentation of cortical and subcortical GM, (5) tessel-
lation of the GM/WM boundary, and (6) automated
surface topology correction. The reader is referred else-
where [22, 23] for comprehensive details on each of
these steps. Each hemisphere was divided into 74 re-
gions by segmenting subcortical structures and by
parceling the cortex into gyri and sulci using the
Desikan–Killiany atlas nomenclature [24]. For each
subject, cortical thickness was estimated at each cortical
location and then resampled onto a seventh-order icosa-
hedral mesh for inter-subject comparison.

Regional labeling and atlasing

WM voxels were mapped onto WM structures in Mon-
treal Neurological Institute (MNI) MNI152 space using
FSL version 6.0.1 and the Johns Hopkins University
(JHU) International Consortium of Brain Mapping
(ICBM) DTI81 WM labeling scheme. First, the mean
FA skeleton mask was co-registered onto the JHU label
map, thereby creating a skeletonized version of the
latter. Images were then binarized such that voxels
corresponding to statistical significance (p < 0.05) were

set to 1, whereas remaining voxels were set to 0; these
binarized images were then projected onto the skeleton-
ized label map. The total number of significant voxels in
the volume associated with each label was divided by
the total number of voxels pertaining to that label so as
to calculate the percentage volume of voxels associated
with statistical significance and located in each struc-
ture. Results were represented graphically for visual
interpretation. For cortical thickness calculations, after
binarizing each subject’s cortical surface overlay based
on statistical significance (1 = significant; 0 = not sig-
nificant), the resulting binary map was registered onto
the average cortical surface in the Desikan–Killiany
atlas. Then, a similar procedure was used to calculate
the percentage of cortical surface area within each cor-
tical region which contained vertices associated with
statistical significance. Figure 1 illustrates a conceptual
representation of this process.

Tract-based spatial statistics (TBSS)

A TBSS approachwas used for the voxel-wise statistical
analysis of mean WM FA differences between groups.
In contrast to algorithms involving regions of interest
(ROIs) or voxel-based morphometry (VBM) ap-
proaches, TBSS utilizes a nonlinear registration algo-
rithm to co-register FA maps, resulting in alignment
errors which are substantially smaller than those pro-
duced by traditional linear registration algorithms [25].
Moreover, TBSS facilitates the calculation of brain-
wide statistics such that both global and local differ-
ences in FA can be quantified. First, FA volumes had
their end slices set to zero to remove outliers which may
have been introduced by fitting diffusion tensors to DWI
volume data. After this step, nonlinear transforms to
FMRIB58 FA standard space were calculated and ap-
plied. The FMRIB58 FA space was then affinely aligned
to the MNI152 space and the resulting transform
was applied to each subject’s FA volume such that
all volumes could be aligned to the 1 mm × 1 mm
× 1 mm MNI152 space. FA maps were then aver-
aged across subjects to generate a mean FA vol-
ume which was skeletonized to reveal FA values
along the trajectories of major WM structures. The
mean FA skeleton was thresholded to remove
values below a default threshold of 0.2, below
which the low signal-to-noise ratio results in rela-
tively inaccurate FA measurements.

2019GeroScience (2021) 43:2015–2039

http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu


Statistical testing of group differences

The statistical significance of differences in age means
between the three groups was evaluated using two-tailed
Welch’s t tests. The significance of group differences in
sex composition was tested using a χ2 test. Group differ-
ences in mean FA were calculated between (A) AD and
mTBI, (B) AD andHCs, and (C)mTBI andHCs. The null
hypothesis H0, according to which each pair of groups’
mean FA values are equal, was tested usingWelch’s t test.
Using a general linear model (GLM), the confounding
effects of sex and age on FAvalues [26, 27]were regressed
out and a nonparametric two-sided t test with 500 permu-
tations and with threshold-based free-cluster enhancement
(TFCE) was implemented. This revealed clusters of WM
voxels whose mean FA differed significantly between
groups. All p values were corrected for multiple compar-
isons using 500 nonparametric permutations with TFCE,
while controlling for the family-wise error rate (FWER)
[28, 29].

Statistical testing of group similarities

A premise of this study is that a brain feature f which is
both (a) significantly different from HCs in both TBI

and AD, and (b) significantly similar across TBI and
AD, can be said to be AD-analogous. Thus, a brain
feature f observed in TBI patients can be said to be
AD-analogous if f differs from HCs in both TBI and
AD, and is also significantly similar across both TBI
and AD. If f differs significantly from HCs in both TBI
and AD, a null hypothesis of statistical equivalence can
be tested to determine whether f is AD-analogous. Thus,
for samples A and B, a null hypothesis of equivalence is
stated as μA(f) ≠ μB(f), i.e., as the complement of the
typical null hypothesis μA(f) ≠ μB(f). A null hypothesis
of equivalence fails to be accepted if the two means fall
within an interval (−δ, +δ), where δ is known as the
equivalence margin of the test [30]. In a statistical sense,
equivalence implies that the values of the empirical
estimates of the features f(A) and f(B) are so close that
neither estimate can safely be considered to be greater or
smaller than the other [31]. In this study, δ is assigned a
conservative value equal to 0.2 multiplied by the width
of the 95% confidence interval (CI) for the difference
μA(f) − μB(f). Equivalence hypotheses were tested using
two one-sided t tests (TOSTs) [32]. Specifically, the
TOSTs were used to quantify the statistical equivalence
of FA means between AD and mTBI cohorts. TOSTs
are commonly used to test hypotheses of statistical

Fig. 1 Conceptual representation of the process for calculating the
percentage of voxels associated with statistically significant find-
ings within each neuroanatomic structure. (a) WM label map of
the JHU atlas. (b) Mean WM skeleton mask of all subjects in the
study. (c) Voxels where mTBI subjects exhibit mean FA values
which are significantly lower (p < 0.05) than in HCs. The voxel

map is overlaid on the skeletonized label map of the atlas, which is
thickened for easier visualization. All images are overlaid on the
1 mm× 1mm × 1mm FMRIB58 FA template, which is an average
of FA maps across 58 healthy subjects. Colors encode various
WM structures (see Tables 2, 3, and 4 for abbreviations)
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equivalence [18], which can be interpreted as a measure
of statistical similarity between groups.

To identify WM tracts whose FA means were statisti-
cally undistinguishable (i.e., statistically equivalent) across
mTBI and AD, the null hypothesis H0 of equivalence was
only tested at locations where the mean FA differed sig-
nificantly from the mean FA for HCs in both the AD and
the TBI groups. This restriction was necessary to ensure
that any identified statistical equivalences betweenAD and
TBI were associated with deviations from normality (i.e.,
from HCs). For GM, like for WM, TOSTs were imple-
mented vertex-wise to determine whether the cortical
thickness means of the AD and mTBI groups were statis-
tically similar. As in the case of the WM analysis, testing
for the statistical equivalence of mean cortical thickness in
the AD and mTBI groups was only implemented at loca-
tions where each of these groups had been found to differ
significantly from HCs. Cortical maps of statistical equiv-
alence between AD and mTBI were generated for display
and smoothed across using five iterations of nearest-
neighbor interpolation. Equivalence testing was imple-
mented using freely available MATLAB software
(https://www.mathworks.com/matlabcentral/fileexchange/
63204).

Cognitive impairment vs. brain connectivity alterations

Two support vector machines (SVMs) were de-
s igned in MATLAB using the glmfit,
fitcsvm, and predict functions with default
parameters, the iterative single data algorithm
(ISDA), a linear kernel function, and heuristic
kernel scale parameters. The SVMs were trained
and cross-validated 10-fold to distinguish TBI par-
ticipants whose AD-like mean FA deviations from
normality (i.e., equivalences across TBI and AD)
were either relatively moderate or relatively exten-
sive, respectively. Such deviations were defined as
moderate or extensive depending on whether they
belonged to the lowest or highest terciles, respec-
tively, of the TOST statistics’ empirical distribu-
tion. The number of true negatives (TNs), true
positives (TPs), false negatives (FNs), and false
positives (FPs) were computed, as were the true
positive rate (TPR, or sensitivity), true negative
rate (TNR, or specificity), positive prediction value
(PPV, or precision), and Matthews’ correlation co-
efficient (MCC) [33].

Results

Participants

Demographics are summarized in Table 1. No signifi-
cant group differences of sex composition were identi-
fied [χ2 = 2.22, degrees of freedom (df) = 1, p = 0.136].
Welch’s t test found significant differences in mean age
between AD and mTBI (Welch’s t = 6.38, df = 97, p =
6.31 × 10−4), AD and HCs (Welch’s t = 5.28, df = 145, p
= 4.57 × 10−7), and mTBI and HCs (Welch’s t =
−3.52, df = 112, p = 6.03 × 10−9). CMB counts were
found to range from 0 to 2 (μ ± σ = 0.27 ± 0.65) in HCs,
from 0 to 7 (μ ± σ = 2.52 ± 1.91) in mTBI volunteers,
and from 0 to 25 (μ ± σ = 1.66 ± 4.49) in AD patients.
Significant differences in MMSE scores were found
between HC and mTBI participants (Welch’s t =
−7.49, df ≃ 35, p = 4.53 × 10−9), between HC and AD
participants (Welch’s t = 17.01, df ≃ 131, p < 0.001) but
not between mTBI participants and AD patients
(Welch’s t = 4.69, df = 64, p = 0.99). Significant differ-
ences in MoCA scores were found between HC and AD
participants (Welch’s t = 17.26, df ≃ 131, p = 9.33 ×
10−39), between acute mTBI participants and AD pa-
tients (Welch’s t = 10.65, df ≃ 59, p = 1.04 × 10−15), but
not between HC and acute TBI participants (Welch’s t =
−0.29, df ≃ 42, p = 0.39).

WM comparison between HC and mTBI

Figure 2(a) depicts regions where mTBI subjects had
significantly lower mean FA than HCs (p < 0.05). In the
mTBI group, these regions include the genu and body of
the corpus callosum (GCC and BCC, respectively),
body and column of the fornix (BCF), as well as crura
of the fornix (CF). Table 2 lists WM structures in the
descending order of the percentage of voxels within
each structure where mean FA is significantly lower in
mTBI participants than in HCs. In other words, the
percentage of voxels quantifies the proportion of each
structure’s volume which exhibits significant mean FA
differences between the two groups. For example, the
first row of Table 2 lists the tapeta of the CC (TCC) and
the number 100 in the middle, halfway below the head-
ings labeled “left” and “right.” This should be
interpreted as indicating that 100% of the TCC spans
voxels with statistically significant findings (i.e., the
mTBI cohort has significantly lower mean FA values
than the HC group across 100% of the TCC). In the
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mTBI cohort, the structures whose volumes’ mean FAs
differ most between groups are the TCC, the uncinate
fasciculi (UF), the anterior and posterior internal cap-
sules (AICs and PICs, respectively), the external cap-
sules (ECs), cingulum bundle (CB), superior cerebellar
peduncles (SCbPs), BCF, GCC, and BCC. WM struc-
tures which (A) are more affected by mTBI in the right
hemisphere and which (B) differ to the greatest extent in
mTBI compared to HCs include, in descending order,
the AIC, SCbP, sagittal stratum (SS), cerebral peduncle
(CP), posterior corona radiata (PCR), medial lemniscus
(ML), and corticospinal tract (CST). Structures which
are more affected in the left hemisphere are the EC, UF,
CB, PIC, CF, inferior cerebellar peduncle (ICbP), supe-
rior longitudinal fasciculus (SLF), retrolenticular inter-
nal capsule (RIC), posterior thalamic radiation (PTR),
anterior corona radiata (ACR), superior fronto-occipital
fasciculus (SFOF), and superior corona radiata (SCR).
No WM fascicles in the mTBI cohort were found to
have significantly higher mean FA than in HCs.

WM comparison between HC and AD

Figure 2(b) depicts significant differences in mean FA
between the HC and AD cohorts. In AD, mean FA
values were significantly lower along commissural fi-
bers like the (A) splenium of the corpus callosum
(SCC), the BCC, GCC, BCF, and CF. Table 3 lists
WM structures in the descending order of the percentage
of each structure’s voxels where mean FA is significant-
ly lower in AD participants than in HCs. For example,
row 8 of Table 3 lists the SS as well as the numbers 94
and 100 under the “Left” and “Right” headings, respec-
tively. This should be interpreted as indicating that 94%
of the left SS and 100% of the right SS span voxels with

statistically significant findings (i.e., compared to HCs,
the AD cohort has a significantly lower mean FA value
in 94% of the left SS and in 100% of the right SS). Thus,
compared to HCs, AD patients’ mean FAs differ from
those of HCs most extensively in the BCC, BCF, CF,
UF, CB, GCC, TCC, EC, SS, and SFOF. In descending
order according to the same criterion, fasciculi which are
more affected in the right hemisphere and which differ
most in AD compared to HCs are the CB, TCC, EC, SS,
ACR, CP, ML, and PCR. For the left hemisphere, these
are the SFOF, PTR, SCbP, AIC, SLF, ICbP, RIC, PIC,
SCR, and CST. No WM structures in the AD cohort
were found to have significantly greater mean FA than
the HC group.

WM comparison between AD and mTBI

No significant differences in mean FA were revealed
between the mTBI and AD groups. Equivalence testing
comparing mTBI to AD revealed significant statistical
similarities of mean FA throughout the brain. Table 4
lists the WM structures in the descending order of the
percentage of each structure’s voxels for which mean
FAs are statistically similar in AD and mTBI partici-
pants. For example, the third row in Table 4 lists the
pontine crossing tract (PCT) and, halfway between the
columns labeled “Left” and “Right,” the number 69 is
listed. The fact that only one number is listed is due to
the fact that there is only one PCT, rather than a “left
PCT” or a “right PCT.” The numerical entry “69” indi-
cates that 69% of the voxels spanned by the PCT are
associated with statistically significant findings (i.e., the
AD and mTBI cohorts have significantly similar mean
FA values throughout 69% of the PCT). In descending

Table 1 Summary of cohort demographics and cognitive assess-
ment data. Dashes indicate data unavailability. Stated are sample
sizes (N), mean (µ), standard deviation (σ), minimum value (min),
and maximum value (max). Abbreviations: Alzheimer’s disease

(AD), Clinical Dementia Rating Sum-of-Boxes (CDR-SB), cere-
bral microbleed (CMB), healthy control (HC), Montreal Cognitive
Assessment (MoCA), Mini Mental State Examination (MMSE),
traumatic brain injury (TBI), years (yr)

Age (yr) MoCA MMSE CDR-SB CMBs

HC TBI AD HC TBI AD HC TBI AD HC TBI AD HC TBI AD

N 81 33 66 72 33 61 72 33 61 72 — 61 81 32 66

μ 69 63 76 26 26 22 29 25 22 0.05 — 5.35 0.27 1.72 1.66

σ 7 11 9 3 5 3 1 3 3 0.25 — 2.34 0.65 1.67 4.49

min 55 47 55 20 23 2 22 23 11 0 — 1 0 0 0

max 87 83 92 30 30 28 30 30 29 2 — 14 2 7 25
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order according to the same criterion, these structures
included the SFOF, CF, PCT, ACR, BCF, and SCR.

GM comparison between HC and mTBI

Figure 3(a) displays significant differences in cortical
thickness between the HC and mTBI cohorts. In the
latter, significantly thinner cortex (blue) is observed in
the lateral superior portion of the left temporal lobe, in
parietal and in frontal regions. Significantly lower cor-
tical thickness in the HC group (red) is observed dif-
fusely across the cortex. Such cortical thickening after
TBI is relatively ubiquitous and has been hypothesized
to be associated with chronic inflammation of the GM
[17, 34–36].

GM comparison between HC and AD

Figure 3(b) displays significant differences in cortical
thickness between the HC and AD cohorts. In the latter,
significantly thinner cortex (blue) is found in the lateral
and medial parts of the temporal and frontal lobes. In the
HC group, significantly thinner cortex (red) is observed
at very few locations on the medial surface of the brain,
particularly in the cingulate gyri.

GM comparison between mTBI and AD

Figure 3(c) displays regions where cortical thinning was
statistically indistinguishable between (i.e., significantly

similar across) mTBI and AD cohorts. Extensive areas
of statistical similarity are observed in frontotemporal
and frontoparietal regions and, more sparsely, in occip-
ital areas. Table 5 lists gyri and sulci in descending order
of each structure’s percentage (i.e., proportion) of corti-
cal area exhibiting an amount of cortical thinning which
was statistically indistinguishable between mTBI and
AD. The parcels whose cortical thinning was most
statistically similar across mTBI and AD include the
superior part of the precentral sulcus, the short insular
gyri, the horizontal ramus of the anterior lateral sulcus,
the marginal cingulate sulcus, and the orbital gyri. There
are few regions whose statistical similarities were large-
ly restricted to a single hemisphere across the AD and
mTBI cohorts, including lateral occipital regions, the
supramarginal gyri, anterior transverse marginal gyri,
inferior parietal lobules, and superior temporal gyri
(STG).

Cognitive impairment vs. brain connectivity alterations

Across 100 scenarios, the SVM trained to identify TBI
patients whose WM similarities to AD were relatively
modest (bottom tercile of equivalence statistic distribu-
tion) achieved the following means and standard devia-
tions: TN = 20.0 ± 1.1; TP = 10.0 ± 0.8; FN = 1.6 ± 0.3;
FP = 1.4 ± 0.2; TPR = 0.87 ± 0.09; TNR = 0.93 ± 0.09;
PPV = 0.88 ± 0.2; MCC = 0.80 ± 0.2. The SVM trained
to predict which TBI patients’ similarities to AD were
relatively extensive (top tercile of equivalence statistic

Fig. 2 Statistically significant differences in mean FA between (a)
HCs and mTBI patients, and between (b) HCs and AD patients.
Color encodes −log10 p, ranging from 2 (red) to 5 (yellow),
corresponding to p-values between 0.05 (red) and ~0.0005 (yel-
low). p values are for t tests using a significance threshold α =

0.05, subject to multiple comparison correction. Smaller p values
are associated with higher values of –log10 p and with greater
differences in mean FA between the groups compared. Images are
displayed in radiologic convention. The z coordinate of each slice
in MNI152 atlas space is provided
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distribution) yielded the following results: TN = 19.2 ±
0.5; TP = 9.1 ± 0.9; FN = 1.1 ± 0.3; FP = 1.9 ± 0.9; TPR =
0.83 ± 0.6; TNR = 0.95 ± 0.5; PPV = 0.83 ± 0.3; MCC =
0.79 ± 0.4.

Discussion

This study investigated cortical thickness and FA chang-
es associated with geriatric mTBI and compared these
changes to those observed in AD. The analysis demon-
strated (i) broad, significant similarities in cortical thin-
ning betweenmTBI and AD, primarily in the frontal and

temporal regions but also in the occipital lobe; (ii)
bilateral patterns of significant similarities in mean FA
across mTBI and AD; and (iii) significantly lower mean
FA and thinner cortex in both mTBI and AD compared
to HCs.

Translational significance

The high prevalence of geriatric mTBI and its subse-
quent risk for AD underscore the need to predict the
latter. Studies have identified significant correlations
between certain cognitive measures–like CDR-SB
scores—and neural tissue integrity metrics, in that

Table 2 WM structures listed, in descending numerical order,
according to the percentage of voxels associated with FA averages
which are significantly lower (p < 0.05), for each structure, in the
mTBI cohort compared to HCs. Values are reported for the left and

right hemispheres, except for structures which straddle both; in this
latter case, only one value is reported between the left and right
hemisphere columns

Abbreviation Structure Part %

Left Right

TCC Corpus callosum Tapetum 100 100

EC External capsule — 100 99

UF Uncinate fasciculus — 100 99

BCC Corpus callosum Body 98

GCC Corpus callosum Genu 97

CB Cingulum bundle — 97 96

AIC Internal capsule Anterior 94 97

BCF Fornix Body 95

SCbP Cerebellar peduncle Superior 91 95

PIC Internal capsule Posterior 91 90

SS Sagittal stratum — 85 94

CP Cerebral peduncle — 87 90

CF Fornix Cres 90 87

ICbP Cerebellar peduncle Inferior 87 86

SCC Corpus callosum Splenium 84

SLF Longitudinal fasciculus Superior 83 82

RIC Internal capsule Retrolenticular 92 72

PTR Thalamic radiation Posterior 90 74

ACR Corona radiata Anterior 83 73

MCbP Cerebellar peduncle Middle 78

SFOF Fronto-occipital fasciculus Superior 85 64

PCR Corona radiata Posterior 68 79

ML Medial lemniscus — 56 68

SCR Corona radiata Superior 60 48

CST Corticospinal tract — 18 23

PCT Pontine crossing tract — 9
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higher CDR-SB scores are indicative of lower integrity
[37–39]. Our findings of significant similarities between
AD and mTBI pertaining to cortical thickness, mean
FA, and cognitive test scores provide clinical insight to
identify individuals at high AD risk. Such information
can be combined with cognitive test scores (e.g., CDR-
SB scores), demographics, biological age prediction
[40], and ApoE genotype information to predict the
extent and pattern of cortical degeneration experienced
by geriatric mTBI patients. Thus, our study may be
useful for the stratification of geriatric mTBI patients
in terms of their AD risk. Adding to our ability to make
such prognostications is the fact that our SVM classifi-
cation results suggest that the severity of acute cognitive
deficits observed in TBI patients can be leveraged

acutely to predict, with high sensitivities and specific-
ities, the future extent and breadth of their AD-like brain
atrophy patterns. Such information can also comple-
ment information acquired using other functional mea-
sures like electroencephalography (EEG) and magnetic
resonance spectroscopy (MRS) [41, 42] to gain insights
into post-traumatic neuropathophysiology [43–46], in-
cluding adverse effects of brain injury upon peripheral
systems [47–49].

Cognitive testing

Our study features MoCA score ranges of 23–30, 2–28,
and 20–30 for mTBI, AD, and HC participants, respec-
tively. MMSE scores range from 23 to 30, 11–29, and

Table 3 Like Table 2, comparing AD patients to HCs

Abbreviation Structure Part %

Left Right

BCC Corpus callosum Body 100

BCF Fornix Body 100

CF Fornix Cres 100 100

UF Uncinate fasciculus — 100 100

CB Cingulum bundle — 99 100

GCC Corpus callosum Genu 99

TCC Corpus callosum Tapetum 97 100

SS Sagittal stratum — 94 100

EC External capsule — 96 97

SFOF Fronto-occipital fasciculus Superior 98 95

PTR Thalamic radiation Posterior 99 88

ACR Corona radiata Anterior 85 91

SCbP Cerebellar peduncle Superior 90 82

SCC Corpus callosum Splenium 85

AIC Internal capsule Anterior 93 77

SLF Longitudinal fasciculus Superior 88 80

ICbP Cerebellar peduncle Inferior 84 79

MCbP Cerebellar peduncle Middle 78

RIC Internal capsule Retrolenticular 88 62

CP Cerebral peduncle — 73 75

ML Medial lemniscus — 72 73

PCR Corona radiata Posterior 63 66

PCT Pontine crossing tract — 63

PIC Internal capsule Posterior 69 43

SCR Corona radiata Superior 54 47

CST Corticospinal tract — 15 6
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20–30 for mTBI, AD, and HC subjects, respectively.
Typical clinical diagnostic cutoffs for MCI are scores
between 18 and 25 for MoCA, and scores between 20
and 25 for MMSE. Although TBI subjects were
screened for MCI, it is possible that a minority of
subjects had undiagnosed, subclinical MCI prior to
injury because of MCI prevalence in older individuals
[50] and because studying older TBI patients increases
the likelihood of including subclinical MCI patients
unintentionally [51]. Because both MCI and mTBI are
associated with poorer cognition [52], the possibility of
including TBI participants with subclinical, premorbid
MCI suggests that the sample studied here may have

been affected by this condition to a limited extent and
that the lower cognitive test scores of some participants
could be attributable to both MCI and mTBI.

Structural neurodegeneration in TBI vs. AD

Table 2 lists WM structures with significantly lower
average FA values in mTBI patients compared to HCs.
The structures with the greatest differences in mean FA
include the TCC, EC, UF, BCC, and GCC. Diffuse
axonal injury (DAI) accompanies TBI often and com-
monly affects large WM structures (like the corpus
callosum (CC)) as well as fasciculi innervating temporal

Table 4 WM structures listed, in descending numerical order,
according to the percentage of voxels associated with mean FA
values which are statistically similar (p < 0.05), across mTBI and
AD cohorts. Values are reported for the left and right hemispheres,

except for structures which straddle both; in this latter case, only
one value is reported between the right and left hemisphere
columns

Abbreviation Structure Part %

Left Right

SFOF Fronto-occipital fasciculus Superior 91 95

CF Fornix Cres 65 80

PCT Pontine crossing tract — 69

ACR Corona radiata Anterior 58 53

BCF Fornix Body 49

SCR Corona radiata Superior 45 52

PTR Thalamic radiation Posterior 59 38

PCR Corona radiata Posterior 46 45

MCbP Cerebellar peduncle Middle 44

CST Corticospinal tract — 36 35

BCC Corpus callosum Body 35

ICbP Cerebellar peduncle Inferior 33 33

SLF Longitudinal fasciculus Superior 33 27

RIC Internal capsule Retrolenticular 28 31

TCC Corpus callosum Tapetum 9 43

ML Medial lemniscus — 22 30

GCC Corpus callosum Genu 23

CB Cingulum bundle — 29 15

SS Sagittal stratum — 19 23

SCbP Cerebellar peduncle Superior 19 21

PIC Internal capsule Posterior 16 23

SCC Corpus callosum Splenium 16

CP Cerebral peduncle — 11 13

AIC Internal capsule Anterior 13 9

EC External capsule — 4 12

UF Uncinate fasciculus — 0 7
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or frontal regions, like the UF [53–55]. Our findings
agree with these previous studies because the UF—
which projects to the temporal lobe—is found here to
exhibit extensive lower mean FA in mTBI subjects.

Structures listed in Table 2 exhibit similar extents of
damage across hemispheres; this may be partly attribut-
able to contrecoup injuries that can cause contusions and
edema, which affect FA [56]. Thus, the listing of WM

Fig. 3 Statistically significant differences in cortical thickness
between (a) mTBI and HCs, (b) AD and HCs, and (c) mTBI and
AD patients. Color encodes −log10 q, where q is a p value adjusted
for the false discovery rate (FDR). Cortical overlays were
smoothed using a Gaussian kernel with a full width at half max-
imum (FWHM) of 5 mm. In (a) and (b), blue regions represent

areas where mTBI and AD subjects, respectively, have signifi-
cantly thinner cortex compared to HCs. Regions colored in red
represent areas where HCs have significantly thinner cortex. In (c),
areas colored in green represent regions whose mean cortical
thickness is statistically indistinguishable across mTBI and AD
participants
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structures in Table 2 is consistent with the set of WM
fiber bundles that are commonly reported as being af-
fected by TBI-related DAI.

Table 5 GM structures listed, in descending numerical order,
according to the percentage of cortical mesh vertices associated
with cortical thickness means which are statistically similar (p <
0.05), across the mTBI and AD cohorts

Structure Part/segment %

Left Right

Part of the precentral sulcus Superior 91 100

Of the lateral sulcus Horizontal/anterior 75 86

Short insular gyri — 71 83

Orbital gyri — 76 74

Cingulate sulcus Marginal branch 78 71

Frontomarginal gyrus & sulcus — 66 79

Insular long gyrus & central
sulcus

— 76 64

Of the lateral sulcus Vertical anterior 72 65

Straight gyrus — 74 55

Inferior frontal gyrus Triangular 63 65

Inferior frontal gyrus Opercular 59 67

Olfactory sulcus — 57 68

Inferior frontal gyrus Orbital 55 67

Cingulate gyrus Posterior/ventral 56 65

Transverse frontopolar gyri &
sulci

— 52 69

Subcentral gyrus & sulci — 65 53

Superior frontal gyrus — 54 62

Cuneus — 53 63

Cingulate gyrus & sulcus Anterior 62 50

Cingulate gyrus & sulcus Middle/anterior 47 64

Lateral orbital sulcus — 40 69

Cingulate gyrus & sulcus Middle/posterior 45 62

Circular sulcus of the insula Superior 53 49

Inferior temporal gyrus — 55 47

Paracentral lobule & sulcus — 58 39

Precentral gyrus — 34 61

Parieto-occipital sulcus — 47 47

Inferior frontal sulcus — 28 66

Lingual gyrus — 46 47

Middle frontal gyrus — 35 58

Calcarine sulcus — 47 44

Subcallosal area & gyrus — 55 35

Cingulate gyrus Posterior/dorsal 35 54

Heschl's gyrus — 54 33

Collateral & lingual sulci — 31 55

Temporal pole — 49 36

Central sulcus — 27 57

Circular sulcus of the insula Inferior 44 39

Table 5 (continued)

Structure Part/segment %

Left Right

Posterior transverse collateral
sulcus

— 38 38

Occipital pole — 37 38

Precuneus — 35 38

Suborbital sulcus — 33 37

Superior occipital gyrus — 39 29

Precentral sulcus Inferior 32 35

Postcentral gyrus — 32 32

Supramarginal gyrus — 36 25

Fusiform gyrus — 28 32

Inferior occipital gyrus &
sulcus

— 31 29

Anterior occipital sulcus — 23 34

Parahippocampal gyrus — 28 27

Postcentral sulcus — 25 29

Middle temporal gyrus — 24 27

Superior temporal gyrus Lateral 13 35

Middle frontal sulcus — 18 29

Anterior transverse collateral
sulcus

— 6 39

Superior parietal lobule — 15 29

Superior & transverse occipital
sulci

— 34 9

Superior temporal gyrus Polar plane 32 11

Circular sulcus of the insula Anterior 23 19

Orbital sulci — 17 24

Subparietal sulcus — 16 20

Middle occipital gyrus — 19 16

Lateral sulcus Posterior 16 16

Pericallosal sulcus — 17 13

Lateral occipito-temporal
sulcus

— 18 12

Jensen’s sulcus — 12 13

Superior temporal gyrus Temporal plane 13 12

Inferior temporal sulcus — 13 8

Angular gyrus — 14 1

Superior temporal sulcus — 0 14

Superior frontal sulcus — 13 1

Middle occipital & lunati sulci — 7 4

Intraparietal & transverse
parietal sulci

— 3 7
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Table 3 lists the BCC, BCF, CF, UF, and CB as
exhibiting significantly lower mean FAs in AD subjects.
Two prominent scenarios for AD-related WM degenera-
tion involve Wallerian degeneration and retrogenesis. In
Wallerian degeneration, AD-related damage initiated in
the GM extends to WM tracts connected to these
degenerating GM areas [57]. By contrast, retrogenesis
postulates that WM fibers undergoing myelogenesis lat-
est during development are the first to degenerate [58].
Many researchers conceptualize AD neurodegeneration
as being due to several competing mechanisms and, thus,
as being the product of both phenomena. In Table 3, the
structure with the fewest voxels exhibiting lower mean
FA in AD is the CST. This agrees with the retrogenesis
model, since the CST consists of long, motor-projecting
fibers which are among the first to myelinate (and thus
among the last to degrade, according to the retrogenesis
model). Importantly, our findings of significantly lower
mean FA in AD subjects in the BCC, BCF, CF, UF, and
CB agree with studies suggesting that frontally- and
temporally-projecting fibers are more susceptible to AD
neurodegeneration [59–62].

Figures 3(a) and 3(b) depict cortical thinning in
the temporal lobes of both mTBI and AD subjects,
respectively. Previous studies suggest that such thin-
ning is characteristic of AD and that it precedes the
Wallerian degeneration of fibers projecting to these
regions. Our study agrees with these findings be-
cause Tables 1 and 2 show both mTBI and AD
victims as exhibiting significantly lower mean FA
than HCs in temporally-projecting fibers like the CB,
BCF, and CF. Thus, our findings agree with previous
studies of AD-related WM neurodegeneration and
may reflect the competing effects of several neuro-
degenerative mechanisms.

Table 4 illustrates how mTBI and AD are similar
from the standpoint of mean FA decreases within
major WM fasciculi. Studies have identified WM
fibers proximal to the brain stem as being commonly
affected by DAI following TBI [55, 63–66]; howev-
er, fibers like the PCT and CST are listed here as
being relatively spared by both mTBI (Table 2) and
AD (Table 3). Instead of appearing to be affected by
TBI, these tracts exhibit damage resembling that ob-
served in AD (Table 4). This may reflect similar
neurodegeneration mechanisms following TBI and
AD [67], and is consistent with the retrogenesis mod-
el as these structures are among the first to be mye-
linated during development [68–70].

Functional neurodegeneration in TBI vs. AD

At the microscale, parallels between TBI and AD have
been identified by neuropathology studies [10, 71, 72].
Similarly, in neuropsychological and cognitive studies,
neural correlates of cognitive deficits observed after TBI
and AD have been found to share commonalities [6, 73].
Nevertheless, few studies have compared the effects of
TBI and AD upon brain architecture at the macroscale,
partly due to the challenges of MRI morphometry in
TBI [74]. The present study found significant similari-
ties between mTBI and AD subjects pertaining to the
cortical thinning in the ACC, PCC, and temporal poles
(Table 5). Our findings are consistent with those of
previous studies [4, 75–78], which independently ex-
amined neurodegeneration after the two conditions.
Such comparisons of cognitive symptoms across TBI
and AD have identified similar deficits in processing
speed, cognitive flexibility, attention, and memory [79].
The ACC and PCC are part of the default mode net-
work, which may be hypoactive after mTBI, resulting in
deficits of divided attention [80]. Similarly, AD studies
of attention suggest that the ACC is involved in
divided attention deficits [81]. Simultaneously,
TBI-related damage to the ACC and temporal
lobes has been implicated in poor self-awareness
due to bilateral hyperactivity within these regions.
Other studies have found strong involvement of
the ACC and temporal poles in functional deficits
pertaining to memory and perceptual ability [82,
83]. In what follows, we discuss potential relation-
ships between deficits within specific cognitive
domains and both AD- and TBI-related neurode-
generation patterns.

Social function deficits

Social function has been studied in the context of con-
cepts like the social brain and the multi-faceted social
network, which includes the orbitofrontal cortex (OFC),
superior aspect of the lateral temporal lobe, the medial
prefrontal cortex (PFC), ACC, and the amygdala [84].
The amount of cortical thinning identified by our inves-
tigation in the OFC was found to be statistically indis-
tinguishable across the mTBI and AD cohorts (Table 5),
which is consistent with studies identifying the OFC as
modulating social function. Specifically, in TBI, the
OFC has been cited as involved in social function
(e.g., emotion recognition), and prominent mTBI-

2029GeroScience (2021) 43:2015–2039



related deficits pertain to social function [85–87]. This
type of deficit has also been identified in AD, where
social withdrawal and dysfunction are typical manifes-
tations of the disease [84, 88, 89]. Thus, our findings
suggest that TBI and AD share social function deficits
which may be due to similar spatial neurodegeneration
patterns.

Decision-making deficits

This study found that damage to the PIC, UF, orbital
gyri, and orbital sulci is common in both mTBI and AD
(Tables 3 and 4). Typically, decision-making after TBI
is significantly poorer than in HCs, a phenomenon
which often persists up to 5 years post injury [90]. There
are, however, conflicting findings on how lesion loca-
tion impacts decision-making. In mice, for example,
spatially non-specific associations have been found be-
tween unilateral parietal and bilateral frontal lesions, on
the one hand, and riskier decision-making and increased
impulsivity, on the other hand [91, 92]. By contrast,
however, human studies indicate that decision-making
deficits are not limited to cases involving frontal lesions
[93]. Thus, dMRI studies of patients with mild-to-
moderate blast TBIs have revealed that the compro-
mised integrities of the right UF, right inferior fronto-
occipital fasciculus (IFOF), and right PIC are associated
with decision-making deficits [94]. Aside from TBI,
such deficits are also observed in AD, where structural
changes within ventromedial PFC (vmPFC) are corre-
lated with measurable deficits [95]. Thus, our findings
are consistent with those of prior studies on decision-
making and identify commonalities between decision
making deficits and the neurodegenerative patterns of
TBI and AD.

PS deficits

This study identified similar patterns of WM degrada-
tion acrossmTBI and AD in the left AIC, UF, CB, ACR,
and GCC (Table 4). Such findings are consistent with
those of previous dMRI studies that revealed correla-
tions between reduced WM integrity in these areas and
relatively low PS [96–99]. In mTBI, lower PS has been
reported as early as 1-month post-injury and has been
documented to persist for up to 6 years post-injury
[100–103]. Commonly, lower PS is coexistent with
other mTBI-related symptoms like fatigue, anxiety,
and attention deficits. In particular, reports of fatigue

following mTBI are exceedingly common and may be
explained by the coping hypothesis, which states that
compensatory recruitment of areas increases cognitive
load, resulting in fatigue which lowers PS [104–107].
Similar PS reductions have been observed in AD, as
quantified by pause and reaction times [108, 109]. Thus,
our findings agree with those of previous studies which
identified neuroanatomic structure correlates of PS def-
icits in TBI and AD.

Verbal fluency deficits

Our study reports similarities between mTBI and AD
pertaining to global reductions in cortical thickness
(Table 5). Some of these affected structures and regions
(e.g., the left ascending fibers in the CC, the frontal
lobes, the left inferior frontal gyrus (IFG), the left middle
temporal gyrus (MTG), and the left STG have been
identified as being responsible for reduced verbal fluen-
cy [110–112]. Verbal fluency can be broadly classified
as phonemic or semantic, and deficits in both are fre-
quent after TBI, with estimated prevalences of ~70%
and ~87%, respectively, and with comparable magni-
tudes for each [113, 114]. Whereas other deficits fol-
lowing TBI can recover relatively well, verbal fluency
deficits have been suggested to recover relatively poorly
and slowly, since they persist for more than 6 weeks
post-injury [115, 116]. In AD, deficits in both phonemic
and semantic fluency have been observed. Importantly,
the latter is reported as being significantly more im-
paired than the former [117]. Such differences in sever-
ity have been proposed to reflect the increased suscep-
tibility of temporal regions—which have a role in se-
mantic memory—to neurodegeneration following AD
[118, 119]. Figure 2b displays reduced cortical thickness
in the temporal regions of AD subjects, in agreement
with previous studies [16, 120]. Thus, the degradation of
brain regions reported here is consistent with the find-
ings of previous studies reporting relatively slow recov-
ery of verbal fluency after TBI. Together, our findings
indicate that TBI and AD share neuroanatomic patterns
of brain degradation which underlie verbal fluency
deficits.

Executive function (EF) deficits

EF is greatly impacted by both mTBI and AD
[121–124]. Here we identified relatively low mean FA
in the ACCs, GCCs, SCCs, and PICs of both mTBI and
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AD patients compared to HCs (Tables 1 and 2). Re-
duced integrity in theseWM structures is correlatedwith
impaired planning abilities [81, 125], although such
findings are not unanimous across studies [126]. This
may suggest that planning deficits are modulated by
injury severity, particularly since some authors [127]
did not identify planning deficits associated with WM
damage. By contrast, AD patients’ planning deficits
have been documented extensively and there is substan-
tial consensus on their profiles [81, 128–130]. Thus, our
findings of similarly reduced WM integrity in the CCs
of mTBI and AD subjects are consistent with previous
studies tying these areas to EF deficits [131, 132].

Cognitive flexibility deficits

Reductions in cognitive flexibility are often noted
after mTBI and have been documented both acute-
ly and up to 2 months after injury. Our study
revealed reduced WM integrity throughout the
CCs of mTBI and AD patients, in agreement with
investigations of these areas’ involvement in EF.
Inflexibility affects multiple facets of cognition,
including the ability to integrate new information,
to adapt one’s behavior in response to stimuli, and
to switch attention fluidly. Cognitive flexibility is
intimately related to EF, which recruits frontal
cortex and frontally-projecting fibers [122]. Be-
cause of this, similar methods like task switching
have been used to reveal that reduced GM
integrity–particularly in the superior frontal gyrus
(SFG), PFC, precuneus, ACC, and in the fusiform
gyrus–affects cognitive flexibility [133, 134]. In
our mTBI and AD cohorts, reduced cortical thick-
ness was observed in the superior FG, in the PFC,
precuneus, ACC, and in the fusiform gyrus
(Table 5). Thus, our findings support the hypoth-
esis according to which AD and TBI patients share
a previously documented neuroanatomic substrate
of cognitive inflexibility.

Limitations

Although the results of this study support an association
between mTBI and AD, it is imperative that they be
interpreted cautiously because they do not establish a
causal relationship between TBI and AD. Specifically,
because the associations reported here pertaining to the
relationship between mTBI and brain structure are of a

statistical nature, it is important to keep in mind that
these statistical relationships may not be causally linked
solely to TBI. Rather, our findings support the hypoth-
esis that, to some extent, mTBI and AD share some
commonality of trajectories. Furthermore, because the
participant follow-up period is limited to the first ~6
months post-injury, our findings do not reflect the entire
range of TBI progression, nor do they establish whether
and when neurodegeneration trajectories diverge across
the two conditions. To establish such cause–effect rela-
tionships between mTBI and AD, more definitive and
larger prospective studies should evaluate, within a
broader longitudinal design, the cerebral structure of
geriatric mTBI victims. Thus, the possibility that our
findings may in part be due to conditions other than TBI
cannot be discarded and is, in fact, plausible. For exam-
ple, it is important to acknowledge that comorbidities
may influence the structural findings reported here. For
example, in one UK study of geriatric TBI involving
hospital admissions [135], 11% of patients had pre-
existing dementia, 22% had pre-existing hypertension,
and 99% had at least one pre-existingmedical condition.
Similarly, Mosenthal et al. [136] report that 73% of
older TBI patients have a medical condition before
injury, compared with only 28% of younger adults.
Third, 80% of all adults aged 65 years and older have
at least one chronic condition and 50% have at least two
[137]. Thus, typically, older TBI patients suffer from at
least one cardiovascular comorbidity, like hypertension.
Pre-existing hypertension is common in geriatric TBI
patients [138] and its association with lower FA com-
pared to normotensive patients [139] may be due to the
adve r se e f f ec t s o f hype r t ens ion upon the
neurovasculature. CMBs—whose presence can result
in mean FA decreases [140]—are common in geriatric
TBI and can significantly affect peri-hemorrhagic WM
[4]. CMBs are also frequent in cases of cerebral amyloid
angiopathy (CAA), which is a risk factor for AD [141,
142]. Thus, due to the high prevalence of CMB-positive
TBI comorbidities in older adults, it is possible that our
findings of structural similarities betweenmTBI and AD
are partially due to pre-existing neurovascular condi-
tions. Thus, ideally, the structural effects of AD and
mTBI should be compared in the absence of CMBs,
which may confound findings. However, this may be
challenging due to the high prevalence of vascular dis-
ease in older adults; furthermore, findings from such
normotensive older TBI patients who are free of vascu-
lar disease may be of somewhat limited applicability to
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most clinical settings because only a relatively modest
cross-section of older individuals lack either symptoms
or post-mortem pathology indicative of vascular dis-
ease. Finally, it should be noted that CMB counts,
although reported here, were not included in our analy-
sis of WM degradation because accounting for local
CMB effects is challenging and outside the scope of
this study. The reader is referred to our previous re-
search for findings on this topic [4].

The possibility of unintentional sampling bias is an-
other study limitation that should be acknowledged.
Thus, although random sampling from the entire TBI
population—or at least from the local TBI population—
would have been preferable, such sampling was logisti-
cally unfeasible for us as no comprehensive directory of
geriatric TBI victims was available to us at the time of
the study. Instead, our most viable option was reaching
out to potential volunteers based on referrals from
clinicians.

One technical limitation of this study is that the
JHU WM atlas includes only 25 WM structures and
omits some functionally prominent fascicles. For ex-
ample, superficial WM streamlines—described as typ-
ically short cortical association fibers near the surface
of the cortex [143]—are excluded here. Such connec-
tions are more difficult to segment and more poorly
documented than larger WM structures, and since the
JHU WM atlas does not include them, neither does
our study. Future studies should use atlases that map
more WM structures; in our case, this was beyond the
scope of the study as our primary interest was in the
largest and best-mapped WM structures in the brain.
Another limitation is the fact that MRI data used in
the study were acquired at distinct sites using different
scanners. This is known to confound measurements of
both cortical thickness and WM properties [144, 145],
such that harmonization protocols like ComBat can be
useful [144–146]. Nevertheless, because our MRI ac-
quisition protocol parameters were very similar across
sites and scanners, such confounds may not be sub-
stantial in this study.

Although age-related effects were regressed out in
our statistical analyses, the groups included here did
exhibit significant mean differences of age. These dif-
ferences are partly due to our selection of subjects from
retrospective samples of convenience, such that age
matching across groups was possible to a very limited
extent. Furthermore, because this is a longitudinal study
involving both structural MRI and dMRI of individuals

with very specific eligibility criteria, only a relatively
small subsample of the ADNI cohort was useful for our
purposes. This also limited our ability to match subjects
by age. Finally, AD occurs relatively rarely before the
age of 65, whereas TBIs can occur at any age. This
implies that comparing AD patients to TBI victims can
be problematic if the latter are relatively young com-
pared to the former. Thus, to some extent, the confound
of age in studies like ours is unavoidable if young or
middle-aged TBI patients are to be compared to AD
patients. Nevertheless, because TBI patients younger
than 65 may still be vulnerable to AD-analogous neu-
rodegeneration (as suggested, in fact, by our study), the
inability to match TBI and AD patients by age may be
unavoidable in studies like ours, particularly if relatively
young TBI patients are studied.

Conclusion

Upon comparing AD patients to mTBI participants
imaged ~6 months post injury, this study identified
statistical similarities between these groups pertaining
to both WM and GM neurodegeneration, as evidenced
by both mean FA and cortical thickness measurements.
Whereas other studies explored the effects of TBI and
AD on the brain without reference to one another, we
directly compare such effects. Furthermore, this study
focuses on chronic mTBI findings rather than on acute
mTBI, thereby providing insight into the medium-to-
long-term effects of mTBI upon macroscale brain
structure. Our findings agree with those of previous
studies of functional and structural correlates in these
conditions, and additionally reveal AD-analogous pat-
terns of neurodegeneration after mTBI, which may be
proportional to AD risk. Thus, our findings are relevant
to ongoing efforts to identify mTBI patients at high
risk for AD. Future studies should quantitatively com-
pare the neurological and neuropsychological conse-
quences of mTBI and AD to further elucidate their
relationship.
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White matter fiber tracking using diffusion magnetic resonance imaging (dMRI) provides a noninvasive approach

to map brain connections, but improving anatomical accuracy has been a significant challenge since the birth of

tractography methods. Utilizing tractography in brain studies therefore requires understanding of its technical

limitations to avoid shortcomings and pitfalls. This review explores tractography limitations and how different

white matter pathways pose different challenges to fiber tracking methodologies. We summarize the pros and

cons of commonly-used methods, aiming to inform how tractography and its related analysis may lead to ques- 

tionable results. Extending these experiences, we review the clinical utilization of tractography in patients with

brain tumors and traumatic brain injury, starting from tensor-based tractography to more advanced methods. We

discuss current limitations and highlight novel approaches in the context of these two conditions to inform future

tractography developments.
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. Introduction

Diffusion magnetic resonance imaging (dMRI) fiber tracking

 Basser et al., 2000 ; Mori et al., 1999 ) has been available to the neuro-

cience community for two decades and remains the only non-invasive

ay to systematically map white matter tracts in the human brain

 Craddock et al., 2013 ). Since their inception, fiber tracking approaches

ave been leveraged as powerful tools to understand the circuit mech-

nisms behind normal and abnormal brain functions ( Behrens et al.,

003a ; Schmahmann et al., 2007 ). The region-to-region connectivity

apped by tractography facilitates the inference of the structural con-

ectome to elucidate brain network topology ( Sporns et al., 2005 ) and

nform how brain connectivity patterns contribute to brain functions.

lthough widely used in neuroscience research, fiber tracking has yet

o acquire widespread clinical utility for neurological disorders. The

rimary limitation against such a more comprehensive application is

hat utilizing and interpreting tractography requires a substantial un-

erstanding of brain architecture ( Schilling et al., 2020 ) and the trac-

ography method ( O’Donnell and Pasternak, 2014 ). These factors are

ssential because tractography can yield false positive and false nega-
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The purpose of this review is to provide background for an audience

ith neuroimaging backgrounds aiming to acquire essential knowledge

n tractography to investigate brain conditions involving gross patholo-

ies, such as brain tumors and traumatic brain injuries (TBIs). Sections

re presented in the following order to provide the information we deem

ssential. First, with histology images, we highlight the challenges of

ber tracking in various brain regions. Second, we provide an overview

f dMRI acquisition, modeling methods, and fiber tracking algorithms

nd discuss their relative strengths and weaknesses. Instead of provid-

ng a glimpse into all methods, we focus on a subset of methods and

ompare them in depth. Finally, we discuss tractography applications

o brain tumors and TBI and outline the prospects of novel tractography

odalities as tools for exploring and understanding brain diseases. 

It is noteworthy that there are several terminology conventions used

n tractography to describe brain connections. Here and throughout,

ract refers to macroscopic white matter pathways, such as the corti-

ospinal tract and other white matter tracts. By contrast, track (or stream-

ine ) refers to the inferred trajectories of underlying tracts, as calculated
n, Suite B-400, 200 Lothrop Street, Pittsburgh, PA, 15213, USA. 
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Fig. 1. Visualization of white matter pathways in the human brain and of challenges in mapping them across various white matter regions. (a) Brain pathways can be 

categorized into association pathways (green), projection pathways (blue), and commissural pathways (red). Mapping these pathways involves different challenges 

in different brain regions. (b), (c) and (d) show gyral blades in the superficial white matter on an immunohistochemistry section of a 34-year-old human brain. 

Connections with abrupt turning angles are often ignored in fiber tracking, leading to bias in tractography. (e) and (f) show deep white matter where corpus callosum 

(CC) bundles intersect projection pathways (PP) or association pathways (AP), demonstrating the challenge of mapping crossing tracts. (g), (h) and (i) show the white 

matter around subcortical nuclei. (g) enlarged view of the internal capsule (IC) and caudate nuclei (CN). The connections from caudate nuclei are small pathways, 

and mapping them requires higher angular and spatial resolution. (h) shows the putamen (PU), whereas (i) shows the boundary between the globus pallidus (GP), 

internal capsule (IC), and thalamus (TH). The fibers within the basal ganglia are often undetectable in dMRI due to the heavy T 2 -weighting caused by iron complex 

deposition. 
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y a fiber-tracking algorithm; such tracks include spurious tracks , which

re colloquially referred to as false tracks. Fiber refers to a tract popu-

ation within a voxel, where each population is oriented in a distinctly

ifferent direction. The term is used in expressions such as crossing fibers ,

hich describes two or more tracts at a voxel, or fiber resolving methods ,

hich refer to methods that resolve local white matter tract orientations

t each voxel. 

. Challenges in mapping brain pathways 

Common tractography targets can be classified into the association,

rojection, and commissural pathways. As shown in Fig. 1 a, the associa-

ion pathways (green), such as the arcuate fasciculus and cingulum, con-

titute the superficial and deep white matter structures. The projection

athways (blue) are vertically projecting tracts connecting cortical re-

ions to subcortical nuclei or brainstem regions. The commissural path-

ays (red), such as the corpus callosum, are connections between the

eft and right hemispheres. They often pass through the deep white mat-

er and intersect with association and projection pathways. We further

how histology images from a coronal section of the thalamus and basal

anglia in the BrainSpan reference atlas ( https://www.brainspan.org/ )

 Miller et al., 2014 ) to illustrate the challenges in mapping white mat-

er tracts. Fig. 1 b-i are parvalbumin-labeled immunohistology, which

resent line strips in the white matter to reveal fiber bundles’ gross ori-

ntations. The superficial white matter, deep white matter, and subcor-

ical nuclei pose three distinct challenges to fiber tracking: 
2 
.1. Gyral bias 

The first challenge is the gyral bias of tractography at the super-

cial white matter ( Reveley et al., 2015 ; Schilling et al., 2018a ). As

hown in Fig. 1 b-d, superficial white matter comprises gyral blades ,

hich are bulging structures with fanning fibers aggregated into bun-

les ( Cottaar et al., 2020 ). In this region, most fiber tracking algorithms,

ncluding probabilistic and deterministic, tend to track the least turning

rajectories to the gyral tip (e.g., the left three trajectories in Fig. 1 b) and

gnore those with an abrupt turning to the sulcal band (e.g., the turn-

ng trajectories in the right-upper corner in Fig. 1 b). This least-turning

reference avoids an abrupt turning that will produce considerable false

urning in other white matter regions. However, in the superficial white

atter, the resulting tractography only visualizes connections toward

he gyral tip while ignoring many others along sulcal banks, leading to

he false-negative mapping of the superficial pathways. 

.2. Crossing, turning, branching, and fanning structures 

The second challenge of tractography occurs in the deep white mat-

er ( Fig. 1 e and f), where tract bundles from different brain regions

eet and intersect. The challenge here is to resolve the crossing, turn-

ng, branching, and fanning architectures formed by these pathways

 Grisot et al., 2021 ). Many of them coexist within a white matter re-

ion, and thus resolving all of them could be a challenge. For example,

ber tracking methods may fail to capture the lateral fanning branches

f the corpus callosum or projection pathways due to their relatively

mall sizes in this fiber crossing region ( Reveley et al., 2015 ). The deep

https://www.brainspan.org/
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hite matter region in Fig. 1 e and f, known as the centrum semiovale

CS), has three sets of pathways intersecting in a grid-like structure

 Wedeen et al., 2012 ). The association pathways (as shown by label

P in the figure) such as the super longitudinal and arcuate fasciculi

re often located laterally relative to projection pathways. More medi-

lly, there are vertically-oriented projection pathways (PP) such as the

orticospinal and corticothalamic tracts. Those pathways have lateral

ranches forming branching and fanning architectures that also inter-

ect the association pathways. The corpus callosum (CC) bridges the

wo hemispheres and crosses both the projection and association path-

ays. Fig. 1 e shows the intersection of these pathways. The corpus cal-

osum passes across the entire region, whereas projection pathways are

riented vertically; the association pathways (AP) have tracts oriented

long the anterior-posterior (through-slice) axis. Much of the crossing

eometry involves sharp crossing angles, and diffusion modeling meth-

ds may only resolve one fiber and miss others. Consequently, a tracking

lgorithm may only map a portion of the white matter connections and

ield false-negative results in the deep white matter regions. 

.3. Subcortical nuclei 

The third challenge of tractography involves white matter structures

round subcortical nuclei ( Fig. 1 g-i), which are hubs of brain networks.

ig. 1 g shows the caudate nuclei (CN) and internal capsule (IC). The

arge tracts in the internal capsule are intertwined with small connec-

ions between the caudate nuclei and the basal ganglia. Tracking these

mall tracts between large projection bundles around subcortical nu-

lei would require higher spatial resolution acquisitions. Fig. 1 h and

 further zoom in to the basal ganglia, including the putamen (PU)

 Fig. 1 h) and globus pallidus (GP) ( Fig. 1 i). The architecture of the

asal ganglia features neuronal clusters enmeshed within white mat-

er structures. Iron deposition in the basal ganglia introduces heavy T 2 -

eighting into dMRI. Consequently, these regions yield low diffusion-

eighted signals due to T 2 shine-through, and fiber orientations cannot

e resolved. Tracking projection pathways down into the brainstem (not

hown here) also has challenges due to limited spatial resolution, phase

istortion, and related signal loss around the air space of the skull base

 Sclocco et al., 2018 ). Among the above-mentioned brain regions, the

ubcortical nuclei and brain stem pose the most significant challenges

o fiber tracking due to their complex fiber architecture and low dMRI

ignal quality. 

. Tractography methods —an overview 

Tractography pipeline workflows can be divided into multiple

teps, including preprocessing, fiber resolving, fiber tracking, and post-

racking processing ( Fig. 2 ). The first step starts with preprocessing the

iffusion-weighted images and proceeds with resolving fiber orienta-

ion(s) for each voxel. At the beginning of the pipeline, the images are

ften preprocessed to reduce eddy current distortion and phase distor-

ion artifacts as well as other signal quality problems. Additional noise

eduction or signal corrections can be conducted to improve the quality

urther. The acquisition optimization and preprocessing strategies are

iscussed in Section 4 . After preprocessing, diffusion-weighted images

nd their associated b-table can be modeled using various fiber resolv-

ng methods to reconstruct one or multiple fiber orientations at each

maging voxel. There are various methods to resolve fibers, and they

re discussed in Section 5 . The results of this step empower fiber track-

ng algorithms to produce track trajectories that can be visualized us-

ng tractograms (see Section 6 ). Trajectories obtained via fiber tracking

an be post-processed to generate clusters/bundles, discard unsatisfac-

ory results, or classify clusters and bundles neuroanatomically. Fig. 2 b

hows a popularity survey of publicly available tractography tools or

ipelines based on Google Scholar search results. The differences be-

ween these tools can be classified based on their fiber resolving and

ber tracking approaches, as listed in Fig. 2 a. 
3 
. Diffusion MRI acquisitions 

The dMRI data are collected using diffusion-sensitization sequences

 Stejskal and Tanner, 1965 ; Wu and Miller, 2017 ), such that the ac-

uired signals are sensitive to the microscopic diffusion movements of

ater. The diffusion sensitization is achieved by adding one or more

iffusion sensitization gradients , or simply diffusion gradients , to the pulse

equence. The diffusion gradients are added to the spin dephasing and

ephasing stages of a spin-echo or a stimulated-echo sequence. Thus any

pin diffusion parallel to the gradient directions will decrease MR signals

y interfering with the dephasing and rephasing process. The orienta-

ion of the gradients is called b-vector , whereas the strength of ensemble

iffusion sensitization is quantified by b-value , a collective product of

iffusion time, diffusion gradient duration, and diffusion gradient mag-

itude. The MR signals without diffusion sensitization are thus called the

0 signals, whereas the signals with diffusion sensitization will have at-

enuation due to diffusion. Faster diffusion or higher diffusion sensitiza-

ion leads to more signal attenuation, whereas slower diffusion or lower

iffusion sensitization retains more signal intensity. The signal attenu-

tion at different directions provides the critical information to probe

nto the microscopic characteristics of the scanned tissue. In clinical ap-

lications, the optimization of a diffusion sequence considers scanning

ime, b-value, diffusion sampling scheme, distortions, and artifacts. We

iscuss each of them in the following: 

.1. Scanning time 

The scanning time is a significant consideration in clinical applica-

ions. Diffusion MRI used to take a much longer scanning time than

ther MR modalities due to the need to acquire data at multiple dif-

usion directions. The development of simultaneous multi-slice acquisi-

ions ( Breuer et al., 2005 ; Setsompop et al., 2012a ; Setsompop et al.,

012b ) have allowed for reducing the scanning time by 2 to 4 folds.

he shorter scanning time allows for more diffusion sampling directions,

etter slices coverage, or spatial resolution. For scanning patient pop-

lations, simultaneous multi-slice acquisition is a critical technique to

educe the scanning time. Ideally, a clinical study would limit dMRI

cquisition to around 10 minutes. A shorter acquisition also reduces

otion and signal quality issues associated with long scanning time. 

Although simultaneous multi-slice acquisitions are practical solu-

ions to reduce the scanning time, an under-recognized issue is the in-

reased T 1 shine-through due to the reduced repetition time (TR). As

ore methods are introduced to achieve a higher acceleration factor,

he reduced repetition time may eventually introduce substantial T 1 

hine-through that decreases the diffusion signal. Pathological condi-

ions that induce large T 1 -weighting will further cause unexpected bias

n diffusion-weighted images. 

Besides using simultaneous multi-slice acquisitions, another strategy

o reduce scanning time is to reduce the number of slices at the cere-

ellum. For the imaging brainstem or thalamus, the dMRI data can be

cquired using fewer sagittal slices that cover only the targeted brain

egions. Nonetheless, reducing the slices number also reduces TR and

ossibly introduces T 1 shine-through issue mentioned above. 

.2. B-value 

The second consideration in diffusion MRI acquisition is the b-value,

hich determines the diffusion contrast at different diffusion directions.

he diffusion contrast enables a modeling method to resolve principle

iffusion directions as fiber orientations. A higher diffusion sensitiza-

ion will lead to higher diffusion contrast but will also have more signal

ecrease. A lower diffusion sensitization will retain the signal intensity

ut may not generate enough diffusion contrast to model the diffusion

atterns. Recent studies have suggested the benefit of a high b-value in

ensing restricted diffusion and resolving complex axonal architectures
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Fig. 2. Overview of tractography pipelines. (a) shows the snapshot of a typical tractography pipeline. The raw diffusion-weighted images are often preprocessed to

remove eddy current and phase distortion artifacts or address other signal-related issues. The preprocessed images are then used to resolve fiber orientations and

their associated diffusion metrics at each voxel. This information is then used by a fiber tracking method to produce tractograms for further post-processing. The

tractogram can be color-coded by directional color (left-right: red anterior-posterior: green superior-inferior: blue) or by arbitrary colors after post-processing to

visualize different bundles. (b) The popularity of publicly available tractography tools quantified by the number of Google Scholar search results from 2005 to 2020.

The icons on the right label each tool’s methodological category (see (a) for the legend).
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o  
 Fan et al., 2014 ; Genc et al., 2020 ; Yeh et al., 2019 ). For clinical applica-

ions, a higher b-value can achieve a better sensitivity to early neuronal

hange. The optimal value depends on spatial resolution and any param-

ters that can affect the signal intensity. A way to determine whether

he b-value is too high is to inspect the resulting diffusion-weighted im-

ge and examine whether the cortex contour is still visible. Currently,

ost studies limit the highest b-values below 5000 s/mm 

2 , as long as

here are enough signals in the gray matter after diffusion sensitization.

.3. Sampling scheme 

A diffusion sampling scheme defines the combination of b-values

nd b-vectors used in the dMRI acquisition. Commonly used schemes

nclude single-shell scheme, multi-shell scheme, and grid scheme. The

aming is based on the spatial distribution of the diffusion gradients in

he q-space , a gradient encoding space similar to k-space. The readout

radients encode the k-space signals, whereas the diffusion gradients
4

ncode the q-space signals. Applying Fourier transform to the k-space

ignals will derive the spatial distribution of spins, whereas applying

he inverted Fourier transform to the q-space signals will derive the dis-

lacement distribution of spin in the diffusion process. Each diffusion

ampling scheme has its strength and weakness: 

.2.1. Single-shell scheme 

The single-shell scheme acquires only one non-zero b-value at mul-

iple diffusion directions, and thus the distribution of the diffusion gra-

ients appears like a shell in the q-space. Examples of single-shell ac-

uisitions include DTI acquisition and high angular resolution diffusion

maging (HARDI)( Tuch et al., 2002 ). Due to the single b-value used in

he acquisition, the single-shell scheme is known for its limitation in

ifferentiating different restricted diffusions, such as the hindered and

estricted diffusion ( Assaf and Basser, 2005 ; Assaf et al., 2004 ). Shell-

ike schemes densely sample orientational information to resolve fiber

rientations, but it does not have enough radial information to resolve



F.-C. Yeh, A. Irimia, D.C.d.A. Bastos et al. NeuroImage 245 (2021) 118651

Table 1

Diffusion schemes and their applicable methods.

model-based methods

model-free methods

spherical

deconvolutiontensor-based beyond-tensor

DTI BSM FEW-DTI multi-tensor DKI NODDI DSI QBI GQI MAP-MRI CSD MSMT-CSD

single-shell x x x x x x x x

multi-shell x x x x x x (x) ∗ x x x

grid x x x x x x x x x

x : applicable without resampling
∗ : only with constant solid angle QBI 

DTI: diffusion tensor imaging, BSM: ball-and-sticks model, FEW-DTI: free water elimination DTI, DKI: diffusion kurtosis imaging,

NODDI: neurite orientation dispersion and density imaging, CSD: constrained spherical deconvolution, MSMT-CSD: multi-shell

multi-tissue CSD, DSI: diffusion spectrum imaging, QBI: q-ball imaging, GQI: generalized q-sampling imaging, MAP-MRI: Mean

apparent propagator (MAP) MRI
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f  
ifferent restricted diffusions. Methods based on single-shell acquisition

re thus more susceptible to the partial volume of free diffusion caused

y tissue edema, leading to possible false findings in tractography. 

.2.2. Multi-shell scheme 

Multiple-shell acquisition addresses this limitation by acquiring 3 ∼5

-values with each b-value sampled at ∼100 directions. The scheme thus

resents multiple shells in the q-space and allows for differentiating dif-

erent restricted diffusion. Examples include the hybrid diffusion imag-

ng ( Wu and Alexander, 2007 ) and the three-shell scheme used in the

uman Connectome Project ( Van Essen et al., 2012 ). Typically, low-b-

alue shells can be acquired by fewer sampling directions due to their

ower diffusion contrast. The multi-shell acquisition will allow beyond-

TI methods to differentiate restricted diffusion and correlate with tis-

ue characteristics. 

.2.3. Grid scheme 

Still, some schemes do not use shell-like diffusion sampling. The grid

cheme uses Cartesian sampling and is also known as q-space imaging

 Callaghan, 1991 ). Similar to k-space imaging that usually samples MR

ignals at Cartesian locations, q-space imaging also samples at Cartesian

oints, and the scheme forms a grid sampling pattern. The resulting

-table often has 20 ∼30 b-values with a total of 200 ∼500 directions.

he lowest non-zero b-value usually has only three directions, and the

umber of directions increases with the b-values. The multiple b-value

etting of the grid scheme allows for fully characterizing a spectrum of

estricted diffusion ( Wedeen et al., 2005 ).

.2.4. Choice of schemes 

The choice between single-shell, multi-shell, and grid schemes

argely depends on their applicable modeling methods. It is notewor-

hy that a scheme can work with many different modeling methods and

ise versa. As listed in Table 1 , the single-shell scheme, including the

TI dataset, can also be analyzed by other advanced methods, and sim-

larly, an advanced scheme such as multi-shell or grid schemes can also

e used by DTI. Single-shell schemes focus on orientational information

ecause of their numerous sampling directions, but the single b-value

etting does not have radial information to differentiate a spectrum of

estricted diffusions. In comparison, a grid scheme focuses more on ra-

ial information by acquiring more than 10 b-values. The acquired data

an be used to differentiate a spectrum of restricted diffusion. For clin-

cal applications, the prevalence of pathological conditions would need

ulti-shell or grid schemes to characterize diffusion and correlate it with

ifferent pathological conditions. 

.4. Distortions and artifacts 

Distortions and artifacts are common in dMRI acquisition because of

he increased echo time to include the diffusion gradients. Commonly

een distortions and artifacts in dMRI include eddy current distortion
5

nd susceptibility-induced distortion. Other signal issues include gra-

ient nonlinearity and signal drift. Although correcting all of them is

he goal, some corrections may require additional scanning time, while

ome may not be readily correctable. For cost-effectiveness, a compro-

ise for clinical application would prioritize those with more significant

ffects. 

.4.1. Eddy current distortion 

The most significant distortion in dMRI is caused by the eddy cur-

ents. The eddy current will interfere with the signal readout and gen-

rate a different shear distortion at each diffusion-weighted image. Its

ffect is global and readily visible on the anisotropy map or final trac-

ography results, characterized by artificially high anisotropy and spuri-

us fibers on the brain surface. Due to its wide-spreading effects across

he brain regions, correcting eddy current distortion is always necessary

nd can be done by preprocessing or sequence design. FSL’s eddy (FM-

IB, Oxford)( Andersson and Sotiropoulos, 2016 ) is the most commonly

sed preprocessing approach for eddy current correction. It uses a Gaus-

ian process to estimate the expected image ( Andersson and Sotiropou-

os, 2015 ) and calculate its transformation to the actual collected image.

he correction is then achieved by inverting the distortion, and the pro-

ess simultaneously handles additional rotation and translocation due

o head motion. 

Nonetheless, the Gaussian process in FSL’s eddy needs sufficient

ata redundancy and only works on shell schemes. At a b-value of

500 s/mm 

2 , at least 10 ∼15 diffusion sampling directions are re-

uired to provide enough data redundancy ( Andersson and Sotiropou-

os, 2015 ), and higher b-values would need more sampling directions

nd scanning time to enable the correction. For data acquired by

on-shell schemes or insufficient sampling directions, the correction

an be achieved using bipolar diffusion gradients ( Finsterbusch, 2009 ;

eese et al., 2003 ; Yang and McNab, 2019 ). These sequence-based

ddy corrections may provide an alternative solution to cancel the

ddy current and eliminate distortion. Some diffusion gradient designs

 Aliotta et al., 2018 ) further achieved a shorter echo time to improve

he signal performance. 

.4.2. Susceptibility-induced distortions and artifacts 

Another prominent distortion in dMRI is the distortion and signal

ropout caused by susceptibility-induced magnetic field gradients at

he tissue junction. For echo-planar imaging, the susceptibility gradi-

nts parallel to the slice plane will cause geometric distortion, whereas

he gradients perpendicular to the slice will cause signal dropout. The

ffects are most prominent at the prefrontal, orbitofrontal, and infe-

ior temporal regions if the phase encoding direction is oriented at the

nterior-posterior direction. Since the effect is more focal than global,

ome studies may ignore it as a compromise if their region of interest

as no detectable distortion or signal dropout. 

Correction can be achieved by FSL’s topup (FMRIB, Ox-

ord)( Andersson et al., 2003 ), a preprocessing approach that estimates
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he distortion field to undo the effect through regularized optimization.

he minimal requirement is an additional field map or an additional

0 acquired at the opposite phase encoding direction. However, the

nduced distortion may not be fully restored at regions with a large

usceptibility gradient, and the signal dropout can be uncorrectable.

n such a condition, an effective strategy is to combine multi-shot EPI

equences ( Butts et al., 1994 ; Holdsworth et al., 2008 ) to minimize

usceptibility effects, while the residual distortion can be subsequently

orrected by topup . 

.4.3. Other signal issues 

Besides artifact and distortions mentioned above, other quality is-

ues include gradient nonlinearity ( Malyarenko et al., 2014 ; Tan et al.,

013 ), Gibbs ringing artifact ( Perrone et al., 2015 ; Veraart et al., 2016 ),

nd signal drift ( Hansen et al., 2019 ; Vos et al., 2017 ). Gibbs ringing

s often deemed insignificant in dMRI because it is only visible at the

harp edge in high-resolution b0 images. The effect caused by gradient

onlinearity is often close to the noise level in lower SNR acquisitions

 Mesri et al., 2020 ), and not all modeling methods are significantly af-

ected ( Guo et al., 2021 ). Similarly, signal drift only affects up to 5% of

he signals in a 15-min scan ( Hansen et al., 2019 ; Vos et al., 2017 ). For

cans that use a shorter scanning time, the effect is close to the noise

evel. Thus, these signal issues are not routinely corrected due to rel-

tively insignificant effects on the diffusion metrics and tractography

esults. 

.5. Quality control 

Quality control is a critical component in dMRI analysis because the

iffusion contrast is generated by diffusion-induced signal attenuation.

ignal loss due to quality issues can mimic diffusion signal attenuation

nd consequently lead to spurious tractography results. Despite correc-

ion approaches mentioned above, some data may be too corrupted to

e correctable due to various acquisition issues, and not all scan data are

uitable for processing. Thus, quality control for dMRI should include a

creening step to identify and exclude uncorrectable data. 

Several automated tools are available for quality control purposes

 Bastiani et al., 2019 ; Cai et al., 2021 ; Cieslak et al., 2021 ). These au-

omated tools can generate a report for quality assurance or calculate

uality metrics. For example, dMRI-based quality metrics ( Cieslak et al.,

021 ; Yeh et al., 2019 ) are sensitive to subject motion, eddy current

istortion, or volume-wise signal dropout. A substantially low value in

hese metrics indicates an acquisition issue that requires further inspec-

ion to determine whether the issue is correctable. After passing the

creening, the data can be preprocessed to eliminate distortions and ar-

ifacts for further tractography analysis. In clinical applications, reports

rom automated quality control tools can be integrated as a quality as-

urance procedure to ensure the reliability of the results for diagnostic,

rognostic, or interventional purposes. 

. Fiber resolving methods

After preprocessing, the dMRI data will be modeled by fiber resolv-

ng methods to estimate the fiber orientations at each imaging voxel

 Fig. 2 a). Methods to resolve fiber orientations can be categorized into

odel-based and model-free approaches. In the following subsections,

e summarize fiber resolving methods and discuss their strengths and

eaknesses. 

.1. Model-based methods 

Model-based methods fit data samples based on pre-defined mod-

ls or distribution functions, including the standard tensor model

 Basser et al., 1994 ), two-tensor model ( Qazi et al., 2009 ), free wa-

er elimination tensor ( Pasternak et al., 2009 ), ball-and-sticks model

 Behrens et al., 2003b ), kurtosis model ( Fieremans et al., 2011 ), or
6

eurite orientation dispersion and density imaging (NODDI) model

 Zhang et al., 2012 ). Model parameters provide fiber orientations for

ber tracking. One advantage of model-based approaches is that they

ften require fewer diffusion sampling directions than model-free meth-

ds. However, a common disadvantage is that the model assumptions

an be violated due to the intricate diffusion patterns of biological tis-

ues, particularly in the presence of gross pathology. 

.2. Model-free methods 

Model-free methods seek to estimate orientation distribution func-

ions (ODFs), which can be viewed as histograms quantifying the empir-

cal distributions of diffusion at different orientations. ODF peaks can

e used as fiber orientations for eventual tracking, and metrics can be

alculated from ODFs to correlate with tissue characteristics. Model-

ree methods include diffusion spectrum imaging (DSI) ( Wedeen et al.,

005 ), q -ball imaging ( Aganj et al., 2010 ; Descoteaux et al., 2007 ;

uch, 2004 ), generalized q -sampling imaging (GQI) ( Yeh et al., 2010 ),

nd mean apparent propagator MRI ( Ozarslan et al., 2013 ). These meth-

ds are also known as q -space imaging methods because they often rely

pon the Fourier transform relation between diffusion distributions and

 -space signals ( Callaghan, 1991 ). Model-free methods often need more

iffusion sampling directions and longer scanning time, but the strength

s that they do not assume a specific diffusion model. This feature makes

odel-free methods ideal choices for clinical applications, where a dis-

ase or pathological condition may exhibit complex diffusion patterns

aused by demyelination, hemorrhage, edema or infiltration of immune

r tumor cells. 

.3. Spherical deconvolution 

Spherical deconvolution ( Tournier et al., 2004 ) and its derivatives

 Dell’acqua et al., 2009 ; Jeurissen et al., 2014 ; Rokem et al., 2015 ;

ournier et al., 2007 ) leverage the strengths of both model-free and

odel-based methods. Similar to model-free methods, spherical decon-

olution methods also calculate an ODF called the fiber orientation

istribution (FOD). On the other hand, similar to model-based meth-

ds, spherical deconvolution methods use diffusion signals from selected

ber portions (i.e., the mid-sagittal part of the corpus callosum) as a dif-

usion model to design deconvolution kernels. These kernels are called

esponse functions and are used as a unified diffusion model to resolve

ber orientations. The resulting FODs are often sharper and achieve

elatively higher power to resolve crossing fibers. The multi-shell ver-

ion of spherical deconvolution further provides tissue characterizations

 Jeurissen et al., 2014 ). 

.4. Comparison 

Fig. 3 displays fiber orientations calculated from diffusion tensors,

iffusion ODFs, and FODs based on the same data from the first sub-

ect in the Penthera ( Paquette et al., 2019 ) and traveling subjects

ataset ( Fig. 3 a and b, respectively) ( Tong et al., 2020 ). Fig. 3 data

ere generated using a cloud computation service provided by brain-

ife.io ( Avesani et al., 2019 ) through its web applications of DSI Studio

 http://ds-studio.labsolver.org ) and MRtrix3 ( Tournier et al., 2019 ). The

iffusion ODF was calculated using GQI ( Yeh et al., 2010 ), whereas the

OD was calculated using multi-shell, multi-tissue constrained spherical

econvolution ( Jeurissen et al., 2014 ). The threshold for filtering fiber

rientations was determined by a value that achieved the best consis-

ency between the three approaches to facilitate comparison. The coro-

al slices in Fig. 3 are selected to include the thalamus and basal ganglia,

hereby facilitating cross-reference with Fig. 1 . 

As shown in Fig. 3 , the tensor model can only resolve one fiber ori-

ntation for each voxel in the centrum semiovale (CS), and thus DTI

ractography cannot track the transverse branches of the corpus callo-

um (CC), as delineated by the dashed line. The fiber orientations re-

http://ds-studio.labsolver.org
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Fig. 3. Commonly encountered ambiguities in fiber orientations as resolved by the standard tensor model, diffusion orientation distribution functions (ODFs), and

fiber orientation distributions (FODs). The illustrations are based on publicly available data from (a) the Penthera 3 T dataset ( Paquette et al., 2019 ) and (b) the

traveling subjects dataset ( Tong et al., 2020 ). Data were processed using MRTrix3 and DSI Studio on a cloud computing platform (brainlife.io). The resolved fibers

are shown by sticks colored by directional color (left-right: red, anterior-posterior: green, superior-inferior: blue). The tensor model (first column) only resolves one

fiber orientation per voxel and cannot map the lateral branch of the corpus callosum (CC) (dashed line). The diffusion ODF model can resolve part of the crossing

fibers but may still miss some lateral branches (dashed line) of the CC. FODs provide the highest resolving power for identifying crossing fibers but may occasionally

produce arc-shaped spurious tracks perpendicular across the gyrus. The FOD results within the subthalamic nuclei (STN) and the thalamus may cause difficulties

for tracking subcortical targets. For all three methods, the fiber orientations resolved for the putamen (PU) and globus pallidus (GP) are unreliable due to heavy

T 2 -weighting caused by iron complex deposition. . 
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olved in the putamen (PU) and globus pallidus (GP) are unreliable due

o weak dMRI signals. Nonetheless, the showcased limitation in resolv-

ng crossing fibers does not imply that DTI tractography is unusable in

uch cases. Specifically, DTI tractography has been used to track associ-

tion pathways such as the arcuate fasciculus ( Glasser and Rilling, 2008 ;

illing et al., 2008 ; Saur et al., 2008 ) and the superior longitudinal fas-

iculus ( Karlsgodt et al., 2008 ; Makris et al., 2005 ; Martino et al., 2013 ).

oreover, in the subcortical structures, DTI tractography has shown

linical benefit in mapping pathways near the thalamus (TH) and sub-

halamic nucleus (STN) for deep brain stimulation ( Coenen et al., 2011 ;

anegas-Arroyave et al., 2016 ). The accuracy of DTI tractography thus

epends on white matter location, and researchers should be aware of

TI limitations in mapping crossing fibers. 

Diffusion ODF can resolve fibers crossing at angles between 45 and

0 ° ( Cho et al., 2008 ), but fibers crossing at smaller angles, such as those

nnotated by dashed lines in Fig. 3 , cannot be resolved. As a result, trac-

ography using diffusion ODF may still miss part of the callosal branches.

urthermore, diffusion ODF cannot resolve fibers at the putamen (PU)

nd globus pallidus (GP) due to iron deposition that causes low diffu-
7

ion MRI signals. The primary strength of diffusion ODF tractography is

ts applications under various pathological conditions that dramatically

lter the diffusion pattern ( Abhinav et al., 2015 ; Becker et al., 2020 ;

eltikci et al., 2018 ; Zhang et al., 2013 ). Overall, tractography based on

iffusion ODF offers improvements over DTI by providing better map-

ing of crossing patterns ( Gangolli et al., 2017 ). However, the former

ethod still requires cautious interpretation due to its potential failure

o capture specific crossing configurations ( Neher et al., 2015 ). 

FOD tractography has a better resolving power than DTI and diffu-

ion ODF methods ( Tournier et al., 2008 ; Wilkins et al., 2015a ), making

t ideal for delineating fibers crossing at a sharp angle ( Neher et al.,

015 ). However, FOD approaches may occasionally yield false identifi-

ations of fibers perpendicular to gyri. These false fibers may manifest

hemselves as arc-shaped false tracks in gyral blades, as shown by the

lack lines in Fig. 3 a and b, whereas histology ( Fig. 1 b and c) show

o fibers spanning across the gyrus. These false fiber tracings are often

ound at larger crossing angles between 50 and 90 ° ( Parker et al., 2013 )

nd may be caused by the mismatch of response functions since tract

undles in different brain regions may have distinct diffusion patterns
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 Schilling et al., 2019a ). FOD tractography is usually more sensitive to

rossing fibers, but attention should still be devoted to potential false

ndings ( Knösche et al., 2015 ). 

With many different fiber tracing methods available, researchers

hould take into careful consideration each method’s pros and cons and

heir differential suitability for different brain regions and fiber tracing

oals. This advice is supported by a recent histology study suggesting

hat fiber resolving methods can have different performances in differ-

nt brain regions ( Schilling et al., 2018b ). For example, FOD tractog-

aphy is often ideal for capturing sharp crossings, such as in the lateral

ranches of the projection pathways or corpus callosum ( Jeurissen et al.,

011 ; Wilkins et al., 2015b ). On the other hand, model-free methods

an facilitate the study of various pathological conditions (e.g., TBI, en-

ephalopathies, tumors), where fibers undergo demyelination or edema

hat induce deviations from normative diffusion models. In brain re-

ions with no crossing fibers, DTI can still produce reliable tractogra-

hy results ( Kristo et al., 2013 ; Kristo et al., 2012 ). In mapping cardiac

uscle fibers, DTI is still the method of choice for cardiac tractography

 Sosnovik et al., 2009 ) due to its less stringent imaging requirements

nd to its lower risk of modeling crossing fibers inadequately. The fiber

rientations resolved by any of these methods can be coupled with any

ber tracking method to generate tractography, as detailed in the next

ection. 

. Fiber tracking methods

Fiber tracking was initially addressed as a numerical estimation

roblem since its introduction 20 years ago ( Basser et al., 2000 ;

ori et al., 1999 ). From a numerical perspective, the problem can be

iewed as solving an ordinary differential equation (ODE), and the tar-

eted track trajectory is the unknown function to be estimated. This nu-

erical problem is often called the first-order ODE problem or first-order

nitial value problem. Fig. 4 a uses a one-dimension function to visualize

his numerical estimation process. The goal of the first-order ODE prob-

em is to numerically estimate an unknown function (grayed dashed

ine) using both its first derivatives (black arrows) and an initial value

f the function (black circle). In fiber tracking, the first derivatives of

he function are the fiber orientations resolved by fiber resolving meth-

ds described previously, whereas the initial value is the seeding point

sed by fiber tracking algorithms to begin the fiber tracking process. 

.1. Euler method 

One of the most popular numerical approaches to solving first-order

DEs is the Euler methoddue to its relative simplicity and adequate nu-

erical stability. In fiber tracking, this method is used as an iterative

pproach to calculate fiber trajectories by iterating between a direction

stimation step and a propagation step ( Basser et al., 2000 ). The approach

tarts at a pre-defined starting location, 𝑓 ( 𝑡 0 ) , (a.k.a. the seed). The lo-

al fiber direction at this current location, 𝑓∕ 𝑝𝑟𝑖𝑚𝑒 ( 𝑡 0 ) , is provided by

he fiber resolving methods (e.g., the tensor model, diffusion ODF, or

OD mentioned in Section 5 ) and is used to define the propagation di-

ection. The tracking process iteratively propagates the trajectory of the

rack in two opposing directions ( Fig. 4 a). At each iteration 𝑖 , the spa-

ial trajectory is extended by calculating 𝑓 ( 𝑡 𝑖 +1 ) = 𝑓 ( 𝑡 𝑖 ) + 𝑓∕ 𝑝𝑟𝑖𝑚𝑒 ( 𝑡 𝑖 )Δ𝑠 ,
here Δ𝑠 is a pre-defined distance called the step size . The above process

s repeated until any of the termination criteria are met. Commonly-

sed termination criteria include (a) an anisotropy threshold (which

erminates tracking if fractional anisotropy falls below a pre-defined

alue)( Yeh et al., 2013 ), (b) a brain mask (which terminates tracking if

he end coordinate of a track falls outside the brain region) ( Smith et al.,

012 ), and (c) an angular threshold (which terminates tracking if the

ber trajectory makes a sufficiently abrupt turn). Both deterministic and

robabilistic fiber tracking often rely on this Euler estimation frame-

ork. The main typical distinction between approaches is whether the
8

ropagation direction is randomly selected from the distribution of di-

ections (thus probabilistic) or whether it is determined before tracking

egins (thus deterministic) ( Descoteaux et al., 2009 ). 

.2. Errors in fiber tracking 

The standard numerical analysis shows that the numerical errors of

he Euler method are reduced linearly as step size decreases (i.e., using

ig-oh notation, O ( Δ𝑠 ) ); for higher-order methods such as the Runge-

utta method, the reduction is quartic (i.e., O ( Δ𝑠 4 ) ). However, this error

stimation does not consider other errors associated with unique scenar-

os of fiber tracking, as shown in Fig. 4 b-d. The figures illustrate three

cenarios whose mathematical setting deviates from that of a typical

rst-order ODE problem. 

In Fig. 4 b, the first scenario is the angular deviation in the local fiber

rientation. The deviation can be due to artifacts, modeling limitations,

artial volume effects, or interpolation errors. The diffusion MRI com-

unity has devoted efforts to address the angular deviation problem

 Tournier et al., 2011 ); however, the best approaches may still have a

ypical angular deviation of 6 to 10 ° shown by histology ( Schilling et al.,

016 ). Higher-order ODE solutions may not necessarily be more accu-

ate since the trajectory error caused by angular deviation is often more

ubstantial than those caused by the step size. The second scenario, illus-

rated in Fig. 4 c, occurs at the boundaries of tract bundles. A bundle may

ave an end surface near the gray matter, but fiber tracking can have

remature terminations or overshoots due to an error in the termination

riteria. As shown in Fig. 4 d, the third scenario involves the existence

f multiple trajectories at the same location. Specifically, each imaging

oxel can be associated with more than one fiber orientation, and fiber

racking could generate an incorrect routing that bridges two unrelated

undles and creates spurious tracks. All three scenarios can occur in

ombination with one another and greatly complicate the task of fiber

racking. For example, tracking may start with a minor deviation due to

n error in fiber orientations and then wrongly connect a bundle to un-

elated nearby bundles. Alternatively, tracking may fail to terminate, as

ppropriate, at the gray-white matter junction and may instead bridge

nother bundle across a sulcus. Thus, identifying false tractography re-

ults requires an adequate understanding of how fiber tracking may fail

ue to scenarios like those shown in Fig. 4 b-d. 

Fig. 4 e lists examples of spurious bundles identified by experts when

onstructing a human brain tractography atlas ( Yeh et al., 2018 ). The

lue arrows in the figure point to incorrect routing that bridges two un-

elated bundles, whereas the red arrows point to premature track termi-

ations. While identifying premature terminations can be accomplished

y referring to structural anatomy images ( Smith et al., 2012 ), iden-

ifying incorrect routings often require prior anatomical insights and

nowledge because incorrect routing bundles may still contain (mostly)

ealistic trajectories. Moreover, the trajectories of spurious tracks may

atch local fiber orientations and diffusion patterns ( Maier-Hein et al.,

017 ), meaning that the dMRI dataset itself may not provide sufficient

nformation to reject such false trajectories. In such cases, prior inde-

endent information (e.g., from a tractography atlas) may be needed to

ap white matter pathways correctly. 

Throughout the past 20 years of tractography algorithm develop-

ent, the neuroimaging community has acknowledged that fiber track-

ng methods typically yield a substantial number of spurious results that

hould not be ignored ( Reveley et al., 2015 ; Thomas et al., 2014 ). Al-

hough numerous tractography competitions and challenges have been

rganized, most have not identified a clear winner favoring any partic-

lar fiber tracking method ( Fillard et al., 2011 ; Maier-Hein et al., 2017 ;

ujol et al., 2015 ; Schilling et al., 2019b ). This suggests that tractog-

aphy’s accuracy challenges are more substantially rooted within the

ntrinsic limitations of dMRI as a technique rather than within numer-

cal methodology. Thus, there is a need for independent information

nd anatomical priors to achieve higher accuracy in fiber tracking. We

iscuss this trend further in Section 9 . 
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Fig. 4. Challenges in fiber tracking and examples of spurious tracks. (a) fiber tracking involves a numerical procedure to solve a first-order ordinary differential 

equation (ODE) whose parameters are specified by a starting location (i.e., the seeding point, black circle) and by the first derivative of a function (i.e., the resolved 

fiber orientation, arrows) at each voxel. The trajectory can then be calculated using the Euler method. However, the conventional ODE problem only considers 

numerical error due to finite step size and does not consider other error scenarios in fiber tracking. (b) The first scenario that raises challenges for standard fiber 

tracking involves errors in the estimation of first derivatives, which can cause substantial deviation of trajectories from their ground truth. (c) The second challenging 

scenario involves the boundary condition. Specifically, white matter tracts have termination locations, and fiber tracking may terminate at the wrong location, leading 

to a premature termination or an overshoot. (d) The third challenging scenario involves the coexistence of multiple trajectories at the same voxel location. Connecting 

unrelated trajectories may lead to incorrect streamline routing and spurious tracks. (e) example of spurious tracking results identified by neuroanatomists in an atlas 

construction study ( Yeh et al., 2018 ). The tractogram is color-coded by directional color (left-right: red, anterior-posterior: green, superior-inferior: blue). The 

locations of incorrect routings and premature terminations are annotated by blue and red arrows, respectively. Incorrect routing is often due to a deviated tracking 

procedure that bridges two unrelated bundles and produces spurious trajectories. Identifying false results requires prior neuroanatomical knowledge —and even 

mapping nearby pathways–to rule out the possibility of incorrect routing. 

9 
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. Tractography in patients with brain tumors 

Tractography has emerged as a standard tool in many institutions for

reoperative assessment of white matter tracts perilesional to gliomas,

rimarily due to recent improvements in the image acquisition time and

o the promising potential of its clinical applications ( Henderson et al.,

020 ; Nimsky et al., 2005 ; Vanderweyen et al., 2020 ). To achieve opti-

al surgical outcomes, studies have demonstrated that maximal tumor

esection is an independent prognostic factor for survival in high- and

ow-grade gliomas ( Jakola et al., 2013 ; Lacroix et al., 2001 ; Li et al.,

016 ), whereas neurological deficits after resection of tumors are associ-

ted with a decrease in overall survival and quality of life ( Rahman et al.,

017 ). For preoperative assessment, a safe maximal resection has been

he surgical goal in brain tumor patients. To this end, tractography’s

rimary role is to provide individualized reconstructions of tract tra-

ectories and to reveal the relationship between the lesion and critical

hite matter tracts, thereby aiming to assist maximal tumor resection

hile avoiding new postsurgical deficits. 

.1. DTI tractography in brain tumors 

Early in tractography development, DTI tractography was used to

epict the pathological effects of brain tumor growth on white matter

athways, including infiltration, displacement, disruption, and destruc-

ion of tracts ( Witwer et al., 2002 ). At least one study also showed good

orrespondence between positive subcortical stimulation sites and lan-

uage tract mapping by DTI tractography ( Leclercq et al., 2010a ), al-

hough false-negative results require attention. Later studies have shown

hat tractography-based navigation associated with subcortical mapping

ontributes to maximal safe resection of cerebral gliomas involving the

orticospinal tract (CST) ( Wu et al., 2007 ; Zhu et al., 2012 ; Zolal et al.,

012 ). In low-grade gliomas, critical areas around the tumor, both cor-

ical and subcortical, are among the most important factors limiting the

xtent of resection ( Hervey-Jumper and Berger, 2019 ). Intra-tumoral

TI tractography in cases of low-grade gliomas has revealed that the

resence of motor and language pathways within the tumor can predict

loquent areas and the extent of resection ( Mato et al., 2021 ). In prac-

ice, preoperative tractography can be incorporated into surgical nav-

gation devices to provide a three-dimensional visualization of white

atter tracts of interest and their relationship to critical anatomical

tructures during surgical planning and resection ( Coenen et al., 2001 ;

uhnt et al., 2012 ; Nimsky et al., 2006 ) ( Fig. 5 ). Functional MRI activa-

ion areas can be used as seed regions of interest for DTI tractography

 Smits et al., 2007 ), resulting in better prediction of functional fascicles

han anatomical-based tractography ( Sanvito et al., 2020 ). Tractogra-

hy data can be interactively visualized by the surgeon using dynamic

eeding and region of interest to demonstrate the relationship of white

atter tracts to the lesion and critical structures ( Fekonja et al., 2019 ;

olby et al., 2011 ). 

More recently, laser interstitial thermal therapy has become an in-

reasingly used, minimally invasive, image-guided treatment option for

atients with some brain tumors. In this procedure, a laser fiber is stereo-

actically inserted into the lesion to heat the tissue under MR thermome-

ry and to ablate the lesion. Tractography can also be incorporated into

re- or intra-operative images to guide the safest approach trajectory

nd ablation of lesions ( Fig. 6 ). 

Overall, DTI tractography has helped neurosurgeons correctly iden-

ify patients with interrupted white matter tracts in whom a more ag-

ressive extent of tumor resection can be pursued ( Alexopoulos et al.,

019 ). The knowledge of the location and integrity of critical pathways

s crucial to the neurosurgeon to preserve eloquent subcortical white

atter and to avoid postoperative neurological deficits ( Tuncer et al.,

021 ). Nonetheless, it is noteworthy that negative findings in DTI trac-

ography are not sufficient to rule out the existence of functional tract

athways in the peritumoral region ( Leclercq et al., 2010a ). 
10 
In addition to trajectories obtained from tractography, the diffusion

etrics associated with this technique can inform clinicians about the in-

egrity of peritumoral white matter pathways. The combination of quan-

itative information along trajectories can provide clinically relevant in-

ormation on the location and integrity of peritumoral tracts in a lesion

icinity. Clinically relevant findings include the destruction of tracts by

ggressive lesions such as high-grade gliomas, infiltration by low-grade

liomas, and displacement by metastases or meningiomas, although any

r all of these can co-occur ( Young and Knopp, 2006 ). When integrated

ith track-based metrics, tractography can provide surgeons with quali-

ative and quantitative information regarding potentially affected tracts

round an intracranial lesion. In DTI tractography, the tensor model

rovides fractional anisotropy (FA), which may reflect changes in tract

ntegrity, and apparent diffusion coefficient (ADC), which may reflect

hanges in the perilesional area such as an increase in cellularity. These

etrics have been used to evaluate the perilesional zone around gliomas,

ainly to help distinguish infiltration from edema ( Hoefnagels et al.,

014 ; Provenzale et al., 2004 ). However, it is noteworthy that FA and

DC can be affected by various factors ( Alexander et al., 2001 ; Hui et al.,

010 ; Pasternak et al., 2009 ), and that changes can be nonspecific. Con-

equently, their clinical values in the diagnostic and prognostic evalua-

ion are limited due to their relatively low specificity and sensitivity. 

Tractography can also assist stereotactic radiosurgery (SRS) plan-

ing. SRS is a highly conformal treatment used to treat some brain tu-

ors (and other lesions). SRS delivers a high dose of radiation in one, or

p to five, treatment sessions. Reports in the literature have suggested

hat white matter tracts, particularly the optic radiation and arcuate

asciculus, are more vulnerable to radiation during SRS than previously

hought ( Maruyama et al., 2007 ; Maruyama et al., 2009 ). For treatment

lanning, DTI tractography images can be fused with stereotactic treat-

ent images to analyze dosimetry for critical tracts ( Maruyama et al.,

005 ). Integrating DTI tractography into SRS planning has been re-

orted to help prevent morbidity related to radiosurgery in patients un-

ergoing treatment for arteriovenous malformations ( Koga et al., 2012 ).

here is support for the view that delineation of functional structures

nd tracts in dosimetry planning is beneficial and could reduce the dose

eceived by these healthy tissues, thus decreasing the risk of radiation-

nduced complications and increasing the quality of the delivered treat-

ent ( Pantelis et al., 2010 ). In a study with 23 patients with lesions

djacent to the CST where DTI-tractography was fused with stereotactic

RI, the CST was treated as an at-risk “organ, ” and the conformal dose

as planned; clinical parameters between plans with and without trac-

ography were then evaluated ( Kawasaki et al., 2017 ). The maximum

ST dose was significantly reduced by tractography planning, adding

nly a 3.5 min irradiation time prolongation. There was no significant

ifference in the dose covering 95% of the lesion volume (D95). The

esults suggested that the CST dose can be reduced while maintaining

he D95 with clinically acceptable prolongation of the irradiation time

 Kawasaki et al., 2017 ). Integration of tractography into SRS represents

 promising tool for preventing radio-induced toxicity and complica-

ions ( Maruyama et al., 2007 ). 

.2. Limitations of DTI tractography in brain tumors 

DTI tractography and diffusivity-based measurements have several

imitations despite their widespread clinical use. To recapitulate, the

ensor model cannot describe multiple fiber orientations, and the esti-

ation of axonal directions can be inaccurate in regions with crossing

bers ( Alexander et al., 2001 ; Tuch et al., 2002 ). Moreover, a tumor can

isrupt, displace, and infiltrate white matter while simultaneously caus-

ng peritumoral edema. Pure vasogenic edema is found around some

eningiomas and metastatic lesions, whereas infiltrative gliomas can

ave vasogenic edema and neoplastic infiltration ( Min et al., 2013 ). The

iffusivity-based measurements can also be over-estimated or under-

stimated due to cell infiltration or peritumoral edema ( Wang et al.,

011 ). DTI metrics, such as FA, can be affected by crossing fiber con-
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Fig. 5. DTI-based tractography from a surgical navigation system for a 58-year-old patient with non-small cell lung cancer which metastasized in the left frontoparietal 

region of the brain. The tracking used a multi-ROI (region of interest) approach with one cubic box positioned in the region of the posterior limb of the internal 

capsule, at the level of the interventricular foramina of Monro and another box placed at the anterior inferior pontine level, inserted caudally relative to the upper 

and middle cerebellar peduncle. The left corticospinal tract (yellow) is displaced posteriorly compared to the right (contralateral) branch. A region of hypointensity 

(low signal) around the lesion suggests vasogenic edema. It is crucial to notice that DTI tractography shows no tracks in the region of edema. This negative finding 

is likely due to the inability of DTI to track streamlines in edematous regions and does not unequivocally indicate tract disruption. 
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itions or by partial volume effects in the edematous zone around the

liomas, which in turn can lead to premature termination of the fiber

racking and the risk for the incomplete reconstruction of a perilesional

ract ( Chen et al., 2015b )( Fig. 7 ). Change in the free water content

f tissue lowers FA values, while the tracts might remain unaffected.

onsequently, DTI-based tractography can fail to demonstrate tracts

hat are present —but not traced —due to several types of tissue abnor-

ality around brain tumors, such as edema or tumor cell infiltration

 Leclercq et al., 2010b ) ( Zhang et al., 2013 ). This drawback can cause

TI tractography reconstructions to become inaccurate and inconsistent

n edematous regions around tumors, making it harder to differentiate

estroyed white matter tracts from intact ones with edematous white

atter, a critical task for neurosurgical planning ( Kinoshita et al., 2005 ;

chonberg et al., 2006 ). 

.3. Advanced tractography in brain tumors 

Several advanced tractography methods have been proposed to ad-

ress the limitations of DTI tractography in the presurgical planning

or brain tumor surgery. Their advantages include more reliable results

n the presence of peritumoral edema and complete mapping of tract

ranches. Specifically, Zhang et al. (2013) compared DTI and GQI trac-
11 
ography using preoperative and postoperative scans on brain tumor

atients. The results showed that advanced tractography could com-

rehensively display existing tracts in the edema, whereas DTI trac-

ograms were incomplete. Chen et al. (2015a) retrospectively compared

TI tractography with two-tensor unscented Kalman filter tractography

nd found that advanced tractography can provide better sensitivity in

apping arcuate fasciculus tractography in the presence of peritumoral

dema. More recently, Gong et al. (2018) performed a similar retro-

pectively comparison in patients harboring tumors near the CST and

eached the same conclusion. Several studies comparing DTI tractog-

aphy with advanced tractography have confirmed that the latter can

ap white matter tracts with higher accuracy and better safety margins

or neurosurgical procedures. ( Abhinav et al., 2015 ; Christiaens et al.,

015 ; Farquharson et al., 2013 ; Fernandez-Miranda et al., 2012 ). The

etrics from advanced modeling may further offer additional informa-

ion over conventional DTI metrics ( Fekonja et al., 2020 ). Thus, re-

lacing DTI tractography with advanced tractography has been recom-

ended ( Nimsky, 2014 ). The latter can be color-coded with other imag-

ng modalities to evaluate white matter tracts around a brain lesion for

iagnostic and prognostic assessment. The integrated tractogram can

nform the extent of peritumoral edema or tumor cell infiltrations and

elp clinicians achieve a safe maximal resection ( Fig. 8 a and b). 
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Fig. 6. Surgical planning for laser interstitial thermal therapy: an image-guided, minimally-invasive treatment that has been increasingly used to treat hard-to- 

reach primary or metastatic brain tumors. (a) Tractogram and the gyral surface viewed from the same left-posterior direction show a laser probe inserted into the 

tumor lesion to heat the tissue under MR thermometry and to ablate the lesion. Tractography of peritumoral pathways can be integrated with preoperative and 

intra-operative images to guide the safest ablation. Nearby tracts include the arcuate fasciculus (AF), corticospinal tract (CST), inferior frontal-occipital fasciculus 

(IFOF), inferior longitudinal fasciculus (ILF), optic radiation (OR), and corpus callosum (CC). (b) A view from the right-posterior-superior direction shows the relative 

location of the lesion to the surrounding critical tracts. 

Fig. 7. Comparison of DTI tractography to advanced tractography using an unscented Kalman filter (UKF) in the same patient as in Fig. 5 . (a) The corticospinal tract 

(CST) generated by DTI-based tractography (reddish-orange) and UKF (golden yellow). UKF tractography shows CST going through the edematous region around 

the tumor, whereas DTI tractography does not capture those peritumoral tracts. (b) The tractogram shows a 3D-reconstructions of the CST from DTI tractography 

(reddish-orange), using commercially available navigation software, and from UKF tractography (golden yellow), using the SlicerDMRI module in 3D Slicer. It is 

noteworthy that UKF tractography allows one to visualize CST innervating the lower extremities, upper extremities, and face (peripheral, extracerebral trajectories 

not shown). In contrast, DTI-based tractography shows only tracts from the same region of the motor cortex, likely corresponding to upper extremities. (c) Coronal, 

contrast-enhanced T 1 -weighted MRI integrated with tractogram illustrates the two tractography techniques and the ability of advanced tractography to identify tracts 

in the edematous region of the peritumoral area. 

12 
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Fig. 8. Novel tractography approaches showing perilesional white matter pathways of a 65-year-old female patient with glioblastoma multiforme (GBM) to assist 

presurgical planning or postsurgical assessment. (a) Advanced tractography can be integrated with other imaging modalities to assist diagnostic and prognostic 

evaluation. The tractogram is color-coded by T 2 /FLAIR to visualize pathways affected by peritumoral edema. (b) Tractograms can be color-coded according to cell 

densities estimated from restricted diffusion imaging ( Yeh et al., 2017 ) to highlight tracts infiltrated by tumor cells (annotated by the white arrow). The results may 

inform the extent of surgical resection to achieve better surgical results. (c) Automated tractography maps the arcuate fasciculus (AF), corticospinal tract (CST), 

and optic radiation (OR) of the patient to facilitate presurgical planning. This new tractography approach uses prior anatomical information from a tractography 

atlas to identify white matter pathways, eliminate spurious tracks, and cluster tracks into anatomically defined bundles. This process can reduce the tedious manual 

placement of seed regions and can improve the test-retest reliability of tractography mapping. 
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For clinical groups already using DTI tractography, transition to

eyond-DTI can be readily achieved by combining two sets of DTI data

t different b-values. For example, one DTI acquisition can be acquired

t a b-value of 1500 s/mm 

2 at 30 directions, whereas another DTI ac-

uisition can be subsequently acquired at a b-value of 3000 s/mm 

2 at

0 directions. Both acquisitions should use the identical isotropic reso-

ution and identical TE and TR. These two DTI data combined is a two-

hell dataset that can be readily utilized by more advanced modeling

ethods mentioned above, including and not limited to GQI, MSMT-

SD, NODDI, and DKI. Combining two-shell protocol and beyond-DTI

ethods offers the potential to remove free water and minimize the

ffect of peritumoral edema. Furthermore, many tractography tools

hared their applicable imaging protocol to encourage reproducible re-

earch and open science ( Norton et al., 2017 ). We also shared our

2-minute grid scheme protocol at the DSI Studio website ( http://dsi-

tudio.labsolver.org ), which acquired 23 b-values at 258 directions to

haracterize a spectrum of restricted and non-restricted diffusion. 

Challenges remain for future advanced tractography methods to ad-

ress when mapping white matter in brain tumor patients. Currently,

here is no standardization of dMRI tractography methods used by dif-

erent institutions. For example, as mentioned in previous sections,

tudies have demonstrated considerable variability in fully reconstruct-

ng the pyramidal pathway among different approaches ( Pujol et al.,

015 ; Schilling et al., 2020 ). Research has already demonstrated that

perator-dependent effects such as the choice of regions (e.g., either

eed regions or region of interest) can often affect tractography results

 Radmanesh et al., 2015 ). Even the same tractography method imple-

T  

13 
ented within different software environments can have a wide range

f performance discrepancies ( Maier-Hein et al., 2017 ; Schilling et al.,

021 ). Thus, reproducibility and standardization are critical challenges

hat must be overcome for tractography to gain further trust within the

eurosurgery community. This issue is crucial in neurosurgical settings,

here tractography errors can give clinicians incorrect information on

he location of critical structures and could thus increase the risk of

ostoperative deficits for some patients ( Duffau, 2014 ). One promis-

ng direction is automated tract identification for brain tumor patients

 O’Donnell et al., 2017 ). Precisely, by using a tractography atlas, au-

omated tractography can map white matter pathways in the eloquent

reas to facilitate neurosurgical planning ( Fig. 8 c). Clinicians can spec-

fy tracts of interest to visualize their relationship to the lesion. This

ew tractography visualization approach can reduce the time needed for

anual placement of regions, improve the reliability of pathway map-

ing, and potentially promote the future standardization of presurgical

lanning. 

. Tractography in patients with TBI 

.1. DTI tractography in TBI 

DTI tractography has contributed substantially to our understand-

ng of longitudinal TBI effects upon the connectome as a function

f age ( Irimia et al., 2015 ; Trotter et al., 2015 ), injury chronicity

 Ewing-Cobbs et al., 2016 ), impact mechanism ( Petrie et al., 2014 ;

remblay et al., 2014 ), trauma severity ( Ilvesmaki et al., 2014 ) and clin-

http://dsi-studio.labsolver.org
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cal outcome ( Yuh et al., 2014 ). Additionally, it has allowed scientists to

tudy how white matter structures ( Wright et al., 2016 ), cognitive abili-

ies ( Caeyenberghs et al., 2014 ; Calvillo and Irimia, 2020 ), and connec-

ome properties ( Fagerholm et al., 2015 ) are differentially vulnerable

o TBI under a variety of conditions. Studies have combined standard

ractography with sophisticated biomechanical models to identify struc-

ural connectome regions most vulnerable to mild injury ( Sullivan et al.,

015 ; Zhao et al., 2017 ). Furthermore, DTI tractography has been lever-

ged to serve as a reliable surrogate biomarker for vasogenic edema

n peri-hemorrhagic TBI regions ( Yang et al., 2017 ) to identify post-

raumatic blood-brain barrier permeability changes and to quantify ab-

ormal iron deposition within the brain parenchyma ( Wright et al.,

016 ). These critical contributions give rise to detectable cerebral mi-

robleeds in susceptibility-weighted imaging suggesting traumatic ax-

nal injury and blood-brain barrier breakdown ( Irimia et al., 2018 ),

hich are relevant for mild traumatic brain injury (mTBI) diagnosis in

he absence of other imaging findings ( Rostowsky et al., 2018 ). Trac-

ography has also served as a welcome adjuvant to electrophysiologi-

al methods for mapping functional connectome properties, the loci of

ost-traumatic epilepsy, and related functional manifestations of post-

raumatic sequelae ( Irimia et al., 2013 ; Irimia and Van Horn, 2015a ). 

.2. Limitations of DTI tractography in TBI 

Despite the breadth and value of DTI studies to characterize TBI

equelae within the connectome, the utility and interpretation of DTI

easures in TBI remain equivocal ( Van Horn et al., 2017 ). To a sub-

tantial extent, these challenges echo those described in the previous

ections. Whereas FA is commonly assumed to decrease after mTBI, a

izeable number of studies have concluded otherwise ( Arfanakis et al.,

002 ; Inglese et al., 2005 ; Kinnunen et al., 2011 ; Kumar et al., 2009 ;

ipton et al., 2009 ; Lo et al., 2009 ; Miles et al., 2008 ; Toth et al.,

013 ). This debate has not been settled even after accounting for the

ffects of confounds such as injury chronicity, age at injury, publication

ate, and methodological differences across studies ( Dodd et al., 2014 ;

ierud et al., 2014 ). Furthermore, FA has been frequently associated

ith white matter damage in TBI because its mathematically related

etrics, axial diffusivity (AD) and radial diffusivity (RD), are consid-

red to be surrogate markers of axonal and myelin damage, respectively

 Song et al., 2003 ; Song et al., 2002 ; Song et al., 2005 ; Sun et al., 2006 ;

inklewski et al., 2018 ). This relative consensus persists, although such

easures remain challenging to interpret in the presence of inflamma-

ion and edema. For example, AD may decrease during acute demyeli-

ation in the presence of axonal edema and microglial activation, but

ot during chronic demyelination of the connectome ( Lodygensky et al.,

010 ). Similarly, RD increases chronically in demyelinating conditions

nless edema is present, in which case RD does not appear to change

ignificantly ( Xie et al., 2010 ). Thus, because brain trauma-related in-

ammation and scarring can substantially change white matter struc-

ure across time, the interpretation of AD, RD, and FA in TBI is chal-

enging as it depends on factors like lesion content and temporal evo-

ution. Thus, additional research is needed to understand how inflam-

ation, hemorrhage, axotomy, axonal injury, and demyelination in-

eract post-traumatically to affect both the connectome and DTI mea-

ures ( Armstrong et al., 2016 ). Some investigators have even proposed

hat standard DTI tractography is insufficiently reliable for interpret-

ng TBI pathology in the presence of such complex cellular phenomena

 Winklewski et al., 2018 ) and that more sophisticated techniques should

e used ( Cross and Song, 2017 ). 

Another challenge of using DTI tractography in TBI is that many

ensor assumptions may be violated in the presence of traumatic ax-

nal injury. This latter phenomenon involves axonal shearing, twisting,

r swelling that affects cellular morphology. The ensuing dysregulation

f homeostatic calcium transmembrane gradients compromises cellu-

ar permeability and exacerbates morphological alterations in the ax-

nal microstructure. These changes are poorly captured by DTI, partic-
14
larly in the ubiquitous scenario where vasogenic and cytotoxic edema

ompete in the extent to which they dysregulate cellular function and

issue integrity. In response to such concerns, NODDI and q -space met-

ics —which can quantify intra-axonal volume fractions —have been pro-

osed as techniques that provide sensitive and specific biomarkers of

ost-traumatic white matter disruption, macroscale tissue alterations, or

ognitive deficits associated with TBI sequelae ( Wu et al., 2018 ). Never-

heless, while relying on electron microscopy data to validate FA values

nd DTI streamline orientations in a murine TBI model, Salo et al. found

hat the orientations of DTI tractography streamlines can accurately re-

ect electron microscopy (EM)-derived white matter fiber orientations

 Salo et al., 2018 ). However, the extension of such findings to humans

ay be problematic because many tractography validation studies in

nimals have used spatial resolutions more than an order of magnitude

igher than typical human studies ( Salo et al., 2018 ). 

FAs and DTI streamline orientations have been validated only for

 limited range of lesion content types. Subsequent tractography val-

dation studies involving the integration of histology, structural MRI,

nd GQI have led to the proposal of additional, novel connectome

ntegrity metrics that may be superior to traditional measures like

A ( Gangolli et al., 2017 ). Additional validation studies are much

eeded to establish further how well DTI and beyond-DTI findings

an capture the accurate underlying presentation of TBI and its im-

act upon the mesoscale connectome, topics which remain understudied

 Laitinen et al., 2015 ). 

.3. Advanced tractography in TBI 

Hoping to overcome the current drawbacks of DTI as used in

BI studies, some scientists have proposed estimating fiber orienta-

ion distributions directly from advanced acquisitions and using spher-

cal deconvolution measures such as apparent fiber density track-

eighted imaging to characterize post-traumatic connectome alter-

tions ( Wright et al., 2017 ). Other scientists advocate using dif-

use kurtosis imaging (DKI) and related methods to obtain novel in-

ights into post-traumatic connectome reorganization ( Hansen and Jes-

ersen, 2017 ). More recently, tractography approaches have been in-

egrated with functional MRI (fMRI)-derived blood oxygenation level-

ependent (BOLD) models and with positron emission tomography

PET) ( Wooten et al., 2019 ) or magnetic resonance spectroscopy

 Li et al., 2017 ; Maudsley et al., 2015 ; Narayana et al., 2015 ). The multi-

odally datasets could establish the relationship between TBI and other

eurological conditions and forecast post-traumatic risk for further cog-

itive deficits based on connectomic data ( Irimia et al., 2020 ). This

ntegration has assisted some researchers in gaining insights into the

elationship between (a) tractography streamline properties and func-

ional correlation metrics and between (b) clinical variables of neu-

odegeneration (like tau protein aggregate burden) and measures of

etabolic damage and oxidative stress. Wooten et al. (2019) found

hat DTI-derived tractography measures traditionally associated with

hite matter integrity are related to fMRI functional correlations and

auopathies in complex ways, which may require substantial additional

esearch to disentangle. Although DTI-derived tractography measures of

ost-traumatic white matter integrity loss and connectome degradation

ay translate into an elevated tau-aggregate burden, they may also be

ssociated with higher —rather than lower — functional correlations me-

iated by white matter connections exhibiting such burden ( Irimia and

an Horn, 2015b ). More recent findings suggest that the relationship

etween oxygen consumption in neural tissue and white matter archi-

ecture parameters provided by DTI tractography remains woefully in-

omplete in TBI conditions ( Armstrong et al., 2016 ; Wooten et al., 2019 ;

right et al., 2016 ). Other novel tractography modalities like differential

ractography ( Yeh et al., 2019 ) may also provide new ways to investigate

he injury mechanisms by mapping longitudinal alterations in brain con-

ectivity ( Fig. 9 ). Nevertheless, systematic testing and validation of this

nd many other DTI models remain to be undertaken, and future stud-



F.-C. Yeh, A. Irimia, D.C.d.A. Bastos et al. NeuroImage 245 (2021) 118651 

Fig. 9. Differential tractography of a 19-year-old female TBI patient highlighting the exact segments of neuronal pathways with anisotropy changes between 

a baseline scan acquired acutely (i.e., within a week after injury) and a follow-up scan (approximately 6 months post-TBI). The patient features a relatively 

large primary lesion located in the left orbitofrontal cortex, which is particularly vulnerable to TBI. Differential tractography ( Yeh et al., 2019 ) tracks the pre- 

cise segments of pathways exhibiting (a) FA decreases of more than 5% relative to the acute baseline and (b) quantitative anisotropy (QA) decreases of more 

than 15% relative to the same baseline. Directional coding is used to color the tractogram (left-right: red; anterior-posterior: green; superior-inferior: blue). 

The results reveal perilesional tracts and the genu of the corpus callosum (CC), which is the CC portion closest to the primary lesion (red). Traumatic ax- 

onal injury (TAI) of the CC is prevalent in TBI and can be explained by the interaction of TBI kinematics with the biomechanics of cerebral displacement 

within the cranial cavity ( Hill et al., 2016 ). The decrease in cerebellar FA and QA is consistent with previous findings, according to which cerebellar volume 

and connectivity are both frequently and substantially affected by moderate and severe TBI regardless of primary injury location ( Spanos et al., 2007 ). Al- 

though this fact is well documented ( Caeyenberghs et al., 2011 ; Irimia et al., 2012 ; Park et al., 2006 ), its causal mechanisms are poorly understood and may 

be related to cerebellar involvement in motor coordination, control, and other brain functions. These functions are frequently and substantially impacted both 

by the primary injury and by decreases in TBI patients’ abilities to carry out daily living activities as they recover. New tractography modalities like differential 

tractography may offer novel strategies to investigate white matter pathways and to answer outstanding questions in TBI research. 
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es should also seek to (a) ascertain the validity of both established and

ovel diffusion MRI measures upon which tractography is reliant and

o (b) resolve the complicated relationship between multimodal metrics

rovided by MRI, electroencephalography (EEG), magnetoencephalog-

aphy (MEG), PET, and temporal connectome dynamics. 

. Prospect of tractography development 

.1. Automated tractography 

Because recent tractography challenges have highlighted the in-

erent limitations of dMRI, strategies resorting to external infor-

ation independent of this technique have gained more attention

 Schilling et al., 2019b ). One recent trend is to utilize a brain

arcellation or tractography atlas to inform automated tractogra-

hy, thus resulting in new tracking approaches or post-tracking
15 
crutiny routines ( Garyfallidis et al., 2018 ; Guevara et al., 2012 ;

’Donnell and Westin, 2007 ; O’Donnell et al., 2017 ; Rheault et al., 2019 ;

arrington et al., 2020 ; Wassermann et al., 2016 ; Wasserthal et al.,

018 ; Yeatman et al., 2012 ; Yeh, 2020 ; Yendiki et al., 2011 ; Zollei et al.,

019 ). These methods often use prior anatomical information to identify

racts and simultaneously to reject spurious connections while improv-

ng anatomic accuracy. Automated tractography also eliminates human

ubjectivity in fiber tracking and vastly improves the reproducibility of

ber tracking. Furthermore, a study using repeat scans has shown that

utomated tractography can achieve high test-retest reliability when

apping association pathways ( Fig. 10 a) ( Yeh, 2020 ). Although the ac-

uracy and consistency between methods remain an issue, the high re-

roducibility within automated tractography methods can significantly

mprove their clinical utilities, where reliable results are prerequisites

or further applications. 
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Fig. 10. Prospects of novel tractography developments to improve reliability and to explore the potential of new clinical applications. (a) Automated tractography

from repeat MRI scans of the same healthy young adult subject shows high reproducibility in mapping human association pathways. Novel developments in automated

tractography can mitigate quality variations due to human error and achieve better test-retest reliability. (b) Differential tractography is a new tractography modality

that detects between-scan differences by tracking pathways with decreased anisotropy or any metrics. Here, differential tractography maps the precise segments of

pathways with neuronal property changes by comparing the preoperative and postoperative scans of a 51-year-old male epileptic patient after anterior temporal

lobectomy ( Yeh et al., 2019 ). The affected tracts span beyond the operation location. Directional color coding is used to color the tractogram (left-right: red, anterior- 

posterior: green, superior-inferior: blue). (c) Correlational tractography shows connections correlated with aphasia severity in a stroke study with participants ranged

from 31 to 82 years of age ( Hula et al., 2020 ). The tractogram is colored by directional colors. This new tractography modality tracks correlation along white

matter pathways to map the precise segment of connections correlated with the study variable (e.g., aphasia severity). It can be used to probe the circuit mechanism

underlying brain dysfunction in neurological disorders.
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.2. New tractography modalities 

Another prospect of tractography is leveraging new tractogra-

hy modalities to overcome existing limitations and enable novel

linical applications. One known limitation of tractography is that

treamline counts do not have biological meaning ( Johansen-Berg and

ehrens, 2006 ; Jones and Cercignani, 2010 ; O’Donnell and Paster-

ak, 2014 ), and track trajectories are not informative for many brain

iseases. This is because a subtle change in anisotropy or diffusivity does

ot necessarily imply a lower streamline count unless the anisotropy

alue plunges below the termination threshold. This anisotropy thresh-

ld can be a value as low as 0.1 for FA, and thus subtle changes above

his threshold are not typically detectable by standard tractography. In

ttempting to address this limitation, studies have imbued tractography

ith diffusion information to closely associate the streamline counts

ith neuronal changes ( Girard et al., 2017 ; Smith et al., 2013 ). Such

nhanced tractography could be used in diagnostic or prognostic eval-

ation of brain diseases and other pathological conditions without re-

orting to diffusion metrics ( Conti et al., 2017 ; Ziegler et al., 2014 ).

hese approaches can be instrumental in TBI, where axonal counts

ay decrease or increase post-injury depending on whether individual

natomic white matter connections are weakened or strengthened as the

rain recovers. 

More recently, a new tractography modality called differential trac-

ography was introduced to map the exact segments of white matter

racts with decreased anisotropy ( Yeh et al., 2019 ). The method in-

luded an additional termination criterion to the fiber tracking algo-
16
ithm, such that the resulting differential tractography could be used as

 whole-brain screening tool to reveal pathways with subtle anisotropy

ifferences in longitudinal studies ( Fig. 10 b). For group studies, a simi-

ar paradigm can be followed to track correlation along pathways and,

hereby, to produce correlational tractography ( Fig. 10 c), whose results

an be compared statistically using permutation tests ( Yeh et al., 2016 ).

tudies have shown that correlational tractography can reveal the struc-

ural mechanism behind brain function and dysfunction ( Hula et al.,

020 ; Sanchez-Catasus et al., 2020 ). These new modalities warrant ad-

itional research to examine their clinical values as novel track-based

maging biomarkers. 
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Older age, male sex, and cerebral microbleeds predict white 
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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

88 GeroScience (2022) 44:83–102



1 3

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

94 GeroScience (2022) 44:83–102



1 3

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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