
ORIGINAL RESEARCH
ADULT BRAIN

Assessing Postconcussive Reaction Time Using Transport-Based
Morphometry of Diffusion Tensor Images

X S. Kundu, X A. Ghodadra, X S. Fakhran, X L.M. Alhilali, and X G.K. Rohde

ABSTRACT

BACKGROUND AND PURPOSE: Cognitive deficits are among the most commonly reported post-concussive symptoms, yet the under-
lying microstructural injury is poorly understood. Our aim was to discover white matter injury underlying reaction time in mild traumatic
brain injury DTI by applying transport-based morphometry.

MATERIALS AND METHODS: In this retrospective study, we performed DTI on 64 postconcussive patients (10 –28 years of age; 69% male,
31% female) between January 2006 and March 2013. We measured the reaction time percentile by using Immediate Post-Concussion
Assessment and Cognitive Testing. Using the 3D transport-based morphometry technique we developed, we mined fractional anisotropy
maps to extract the common microstructural injury associated with reaction time percentile in an automated manner. Permutation testing
established statistical significance of the extracted injuries. We visualized the physical substrate responsible for reaction time through
inverse transport-based morphometry transformation.

RESULTS: The direction in the transport space most correlated with reaction time was significant after correcting for covariates of age,
sex, and time from injury (Pearson r � 0.44, P � .01). Inverting the computed direction using transport-based morphometry illustrates
physical shifts in fractional anisotropy in the corpus callosum (increase) and within the optic radiations, corticospinal tracts, and anterior
thalamic radiations (decrease) with declining reaction time. The observed shifts are consistent with biologic pathways underlying the
visual-spatial interpretation and response-selection aspects of reaction time.

CONCLUSIONS: Transport-based morphometry discovers complex white matter injury underlying postconcussive reaction time in an
automated manner. The potential influences of edema and axonal loss are visualized in the visual-spatial interpretation and response-
selection pathways. Transport-based morphometry can bridge the gap between brain microstructure and function in diseases in which the
structural basis is unknown.

ABBREVIATIONS: FA � fractional anisotropy; ImPACT � Immediate Post-Concussion Assessment and Cognitive Testing; mTBI � mild traumatic brain injury;
TBM � transport-based morphometry

Cognitive deficits are among the most commonly reported

symptoms after mild traumatic brain injury (mTBI).1-6 Both

transient and persistent deficits in processing speed, attention,

and working memory are associated with mTBI.7 Furthermore,

persistent cognitive deficits may accelerate aging-related cogni-

tive decline.2 Yet, despite its ubiquity, the microstructure under-

lying postconcussive cognitive deficit is difficult to assess. Routine

CT and MR imaging findings are often negative. Although diffu-

sion tensor imaging can capture diffuse white matter injury,8

mTBI is still diagnosed clinically because damage is subtle and

spatially diffuse.7,9 The microstructural injury is challenging to
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distinguish from a background of normal anatomic variability

and accumulated insults with time.10

Given its complexity, traditional analysis has permitted only a

limited view of the microstructural perturbations. Conventional

methods have sought to index injuries to individual tracts (ie, ROI

analysis; Tract-Based Spatial Statistics, TBSS; http://fsl.fmrib.ox.ac.

uk/fsl/fslwiki/TBSS; and so forth) or individual voxels (ie, voxel-

based analysis, potholes and molehills analysis, and so forth).7,10,11

However, techniques treating each voxel or ROI as an independent

variable cannot provide adequate insight into the interconnectedness

of injuries across multiple regions as a function of cognition.6,7 Fur-

thermore, visual inspection is particularly insensitive to subtle- but-

interconnected biophysical shifts in tissue architecture.12

In our prior work, we developed 3D transport-based morphom-

etry (TBM) as a technique to assess complex physical changes in

brain tissue that may be undetectable by visual inspection.13 By com-

puting the effort needed to morph the brain tissue distribution in one

image into another, TBM statistically mapped joint interaction

across multiple brain regions.13 Unlike traditional approaches, TBM

could explain the relevant microstructural shifts underlying the clin-

ical assessment visually because it is a generative technique.13 Fur-

thermore, TBM can discover the common substrate underlying re-

action time in a fully automated manner.6,7

This study investigated the brain microstructure associated with

postconcussive reaction time, one of the most frequently reported

cognitive deficits after mTBI.1,3.4,14,15 Given new interventions such

as exercise rehabilitation,16,17 it is crucial to identify objective sub-

strates underlying postconcussive cognition to assess progress in

treatment and understand repair mechanisms. Particularly, studying

the acute and postacute phases of recovery could reveal new targets

for early treatment monitoring. TBM has never before been applied

to investigate white matter injury associated with postconcussive

cognition. Given the known limitations of traditional techniques, we

hypothesize that if a common structural substrate underlying post-

concussive reaction time exists, it can be uncovered using TBM.

MATERIALS AND METHODS
Subject Cohort
In this retrospective study, institutional review board approval was

obtained, and informed consent was waived. The electronic medical

record was searched for DTI studies performed for mTBI between

January 1, 2006, and March 1, 2013, at the University of Pittsburgh

Medical Center. Studies were identified using keywords “concus-

sion,” “mild traumatic brain injury,” and “diffusion tensor imaging.”

Inclusion criteria were the following: 10–50 years of age, witnessed

closed head trauma, no focal neurologic deficit, loss of consciousness

of �1 minute, posttraumatic amnesia of �30 minutes, English lan-

guage proficiency, and available neurocognitive testing with Imme-

diate Post-Concussion Assessment and Cognitive Testing (ImPACT;

https://scipol.duke.edu/track/immediate-post-concussion-

assessment-and-cognitive-testing-impact). Exclusion criteria were

the following: prior neuropsychiatric illness (2 patients), abnor-

mal CT or conventional brain MR imaging findings including

large focal abnormalities such as encephalomalacia not attribut-

able to current trauma (3 patients), history of substance abuse (3

patients), lack of DTI (4 patients), lack of neurocognitive assess-

ment (6 patients), total symptom score of zero (3 patients), and

inability to align fractional anisotropy (FA) images (2 patients).

The cohort included patients in the immediate (n � 13), acute

(n � 30), subacute (n � 10), and chronic (n � 11) phases of injury

(acute, 1– 6 weeks; subacute, 7–12 weeks; chronic, �12 weeks).18

The final cohort contained 64 subjects. A prior article11 used this

cohort to examine postconcussive headache. Demographic infor-

mation and causes of injury are summarized in Table 1. Unlike

voxel-based analysis or ROI techniques used in prior studies, we

evaluated postconcussive reaction time using the TBM technique

to enable both discovery and visualization of novel structural

substrate.

A neuropsychological examination was performed by a single

neuropsychologist with �15 years of experience in treating pa-

tients with mTBI. Reaction time was determined as part of the

ImPACT.19 Although ImPACT included other cognitive mea-

sures, this study focused on reaction time, one of the most com-

mon postconcussive cognitive sequelae20 and a sensitive marker

of recovery following concussion.20,21 ImPACT reaction time for

each subject is a percentile based on normative data from baseline

testing of �17,000 athletes as part of presport participation. Per-

centile information accounts for both sex and age.

MR Imaging Acquisition and Preprocessing
All subjects underwent an identical imaging protocol on the same

system during the imaging time period. DTI was performed with a

1.5T unit (Signa; GE Healthcare, Milwaukee, Wisconsin) and a stan-

dard head coil. A single-shot echo-planar sequence was used (TR �

4000 ms, TE � 80 ms, NEX � 2, section thickness � 5 mm, matrix �

128 � 128, FOV � 260 mm). Diffusion gradients were set in 25

noncollinear directions using 2 b-values (b�0 and 1000/mm2).

FA maps were generated to characterize white matter integrity

using the Brain Diffusion Toolbox,22,23 which is part of the DTI pipe-

line of FSL.24,25 The FA maps included both gray and white matter

and were registered to the Montreal Neurological Institute atlas by a

12-parameter affine transformation. A common reference image was

computed through the Euclidean average of all images across the

study population.

Analyzing FA Spatial Distribution Using Transport-Based
Morphometry
The microstructure differentiating high and low reaction time

was not perceptible visually as demonstrated in Fig 1, motivating

the use of TBM13,26-28 to discover the complex pattern. Our 3D-

TBM technique13 is an image-transformation framework that fa-

Table 1: Demographic information and causes of injury

Participant Characteristics
Number of
Participants

Demographics
Age, time of imaging (range) (mean) (yr) 10–28 (16.1 � 2.9)
Male participants (%) 44 (68.8)
Time from injury to imaging (mean) (days) 55 � 91

Causes of mTBI
Sports injury (%) 42 (65.6%)
Motor vehicle collision (%) 6 (9.4%)
Bicycle accident (%) 2 (3.1%)
Fell down stairs (%) 2 (3.1%)
Fell off horse (%) 2 (3.1%)
Othera (%) 10 (15.6%)

a Various civilian injuries.

1118 Kundu Jul 2019 www.ajnr.org

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS
https://scipol.duke.edu/track/immediate-post-concussion-assessment-and-cognitive-testing-impact
https://scipol.duke.edu/track/immediate-post-concussion-assessment-and-cognitive-testing-impact


cilitates the discovery of this pattern through analysis in a trans-

form domain.26-28 On-line Fig 1 illustrates the system diagram in

the On-line Appendix. The interested reader is referred to Kundu

et al13 for the mathematic derivation of 3D-TBM. We provide

only a brief description here.

The similarity in the FA spatial distribution with respect to a

reference is quantified in a transport map for each subject: a vec-

tor field morphing an individual FA image into the common ref-

erence. The optimal transport map minimizes FA transport to

match the common reference. On-line Fig 2 shows FA maps and

corresponding transport maps for 4 sample subjects.

The optimal transport map is unique for a pair of images,13 en-

suring a bijective transformation. Equations A1 and A2 describe

analysis and synthesis equations for forward and inverse transforms,

respectively, in the On-line Appendix. Transformation is nonlinear;

thus, complex patterns are more sparsely characterized in the trans-

port domain and correspond to distances on the Riemannian mani-

fold. Computing Riemannian distances with respect to a common

template allows linearization of the optimal mass transport metric

and reduces the number of operations from N(N�1) / 2 to N. Prior

work shows that pattern discrimination using the linear optimal

transport distance is enabled when the template lies sufficiently close

to the Riemannian manifold.27,28 Because the TBM transformation

is bijective, we can generate de novo images along the regression

direction in transport space through inverse transformation. The lat-

ter is enabled because TBM is generative. The ability to ultimately

visualize the complex shift in microstructural profile initially im-

perceptible to visual inspection (Fig 1) is a unique contribution

of TBM. We implemented all 3D-TBM codes in Matlab (Math-

Works, Natick, Massachusetts) as described in Kundu et al.13

Assessing the Microstructural Relationship with Reaction
Time
Statistical learning is performed in the transport domain to ex-

tract relevant image features. First, transport maps generated by

the transformation are vectorized and concatenated into a stan-

dard data matrix. Then, the principal components analysis tech-

nique (Equation A3) is used to eliminate data dimensions con-

tributing little to the variance in the dataset. The data matrix is

projected onto the topmost d eigenvectors associated with 90% of

the variance in transport maps to create the reduced-dimension

data matrix X � �d � n (d �� p). Let � � �n � 1 be the reaction

time percentile mapped to squared values (to increase separation

of lower from higher percentiles). The direction in transport

space that results in the strongest linear correlation is computed

with the reaction time percentile � (Equation 1)26:

1) wcorr � arg max
w

wTX�

�wTw
�

X�

��TXTX�
.

Here, wcorr is a vector field synthesized in the transport domain

that quantifies the direction and amount of FA redistribution

most correlated with the reaction time percentile. Covariates are

removed according to Equation 2.

2) � � y � Z�ZTZ	�1ZTy.

Here, � describes the residual from the reaction time percentile

(y � �n � 1) that is decorrelated and orthogonal to the c, con-

founding variables in Z � �n � c. This study corrects for age, sex,

and time from injury as covariates. Statistical significance of the

computed direction was assessed using permutation testing with

T � 1000 tests. The reported P value is the fraction of times over

T tests that the Pearson correlation coefficient was higher when

labels v are randomly assigned to subject data than when com-

puted based on the original assignment. We implemented all sta-

tistical analysis code in Matlab.

RESULTS
Assessing the Microstructural Relationship with Reaction
Time
As illustrated in Fig 1, visual inspection does not elucidate the

changes characteristic of poor postconcussive reaction time. The

computed tissue distribution from the transport space was signif-

icantly associated with the reaction time percentile after correct-

ing for covariates according to Equation 2 (Pearson r � 0.44, P �

.01). The strength of the association is moderate. Furthermore,

the pattern of injury identified by TBM is specific to cognitive

FIG 1. FA maps of 10 different postconcussive patients. The same axial slice is shown for patients with the best reaction time percentiles (upper row)
and worst reaction time percentiles (lower row). These images illustrate the challenge that FA maps corresponding to the best and worst reaction times
are not easily differentiated by visual inspection because the abnormal variations related to reaction time cannot be discerned from the other
heterogeneous variations. Intelligent computer-aided techniques are needed to differentiate these images.
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symptoms following mTBI because it is not significantly corre-

lated with any other ImPACT measures except processing-speed

percentile (Table 2).

On-line Fig 3 shows the scatterplot of subjects when their

images are projected onto the most correlated direction com-

puted in the transport space. The mean image I0(x) maps to a

projection score of zero. Each point in the scatterplot repre-

sents a brain image in the dataset. According to the linear

regression model constructed in the transport space, increas-

ing reaction time percentile (faster reaction times) is associ-

ated with increasing projection scores, and decreasing reaction

time percentile (slower reaction times) is associated with de-

creasing projection scores.

Understanding Complex Correlations Visually
In addition to confirming a correlation between the reaction time

percentile and microstructure, projection scores can be interpreted

clinically. Reverse TBM transformation can map any given projec-

tion score to visualize a computer-generated image. Figure 2 shows

visualizations of dynamic brain morphology corresponding to

varying projection scores. The images are synthesized on the basis

of the study population. Note that simple linear regression in

transport space can characterize the nonlinear, spatially diffuse,

white matter injury pattern in the image domain.

The projection scores across the horizontal axis in Fig 2 corre-

spond to those in the horizontal axis of On-line Fig 3. The images

shown are computer-generated by TBM from points sampled

along the line of best fit where the projection score spans �2 to 
2

SDs from the mean. The FA maps are colored to aid in visualiza-

tion. The values represent relative density, a measure of FA con-

centration. Two axial slices are shown that best summarize the

morphologic differences from a low-reaction-time percentile to a

high-reaction-time percentile. The population mean image I0(x)

is indicated by the projection score zero in Fig 2. The images at the

negative projection scores correlate most strongly with the low-

reaction-time percentile, while the images at the positive projec-

tion scores correlate most strongly with high-reaction-time per-

centile (On-line Fig 3). Progressing from a low-to-high reaction

time percentile, the statistical model illustrates that FA in the cor-

pus callosum decreases while increasing in the optic radiations,

corticospinal tract, and anterior thalamic tracts.

Individual Assessment of White Matter Injury Associated
with Reaction Time
In addition to identifying common structural correlates of reac-

tion time, TBM also identifies white matter injury in individual

patients. The direction computed in transport space can clinically

assess whether the patterns of white matter injury in Fig 2 are

present in an individual patient. The transport map for an indi-

vidual patient can be projected onto this direction to yield a pro-

jection score for the patient. The projection scores can be inter-

preted on the basis of the relationship with reaction time

performance illustrated in On-line Fig 3 to evaluate whether cog-

nitive deficits may be present. Figure 3

illustrates the FA map of a patient with a

fast reaction time in the 94th percentile

that maps to a high positive projection

score and that of a patient with slow re-

action time in the 21st percentile that

maps to a low negative projection score,

a potential metric by which to differen-

tiate these patients. A key strength of

TBM is its ability to assess spatially dif-

fuse, complex white matter patterns that

are not easily identified visually or by an

ROI-based perspective.

Furthermore, Fig 3 shows that the

transport map may reveal new numeric

assessment tools. The determinant of

the Jacobian computed from the trans-

port maps measures the joint changes in

FA concentration across multiple white

matter tracts. An increase in FA concen-

tration is indicated by a value of �1, and

decreases are indicated by a value of �1.

We see that the direction of FA change in

multiple white matter tracts with respect

FIG 2. Most correlated direction. Images corresponding to the most correlated direction in
transport space show decreasing FA in the corticospinal tracts, anterior thalamic radiations, and
optic radiations with the low reaction time percentile corresponding to the scatterplot in On-line
Fig 3. The FA in the corpus callosum increases as reaction time decreases.

Table 2: Correlation between TBM direction and other ImPACT
measures

ImPACT Measure
Pearson

Correlation P
Anxiety �0.06 .68
Cervicalgia �0.06 .70
Headaches �0.18 .91
Total ImPACT score �0.29 .98
Processing speed percentile 0.31 �.01a

Sleep-wake disturbance �0.24 .97
Time to recovery �0.05 .67
Tinnitus �0.05 .61
Verbal memory 0.20 .06
Visual memory 0.20 .05

a The discovered pattern of injury does not correlate with any other ImPACT mea-
sures except processing-speed percentile.
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to the common reference corroborates those identified by Fig 2

for a patient with high and low reaction times.

DISCUSSION
This article investigates the microstructure underlying postconcus-

sive reaction time. Our prior work developing 3D-TBM demon-

strated its ability to uncover microstructural circuits not adequately

assessed through visual inspection or conventional methods.13 This

article builds on prior work to propose a new framework to bridge

microstructure and postconcussive cognitive assessment. We discov-

ered an FA spatial pattern that is significantly associated with reaction

time and robust to covariates of age, sex, and time from injury. The

discovered pattern is specific to cognitive symptoms and does not

correlate with ImPACT measures outside of processing speed and

reaction time. This article is the first to elucidate the influence of

multiple regions jointly on postconcussive reaction time through vi-

sualizable FA images.

This work delves deeper in elucidating the link between post-

concussive reaction time and brain microstructure than prior

studies.29-32 Previous studies investigated individual ROIs.

Womack et al29 reported that the posterior corpus callosum is

related to peripheral visual reaction time, and Arenth et al30 re-

ported that DTI parameters in the corpus callosum relate to im-

paired reaction time post-TBI. The prior findings, however, lack

specificity to cognitive performance because the corpus callosum

is commonly involved across mTBI populations.31 Our work un-

covers microstructural circuitry that is specific to cognitive pro-

cessing (ie, reaction time and processing speed). Other studies

examining frontal ROIs12,32 found no consistent pattern between

DTI variables on various ROIs and symptom scale scores. Most

important, a prior study suggested that cognitive deficit is a dif-

fuse process: the number of DTI lesions positively correlated with

poorer cognitive measures.7 Our work offers a more complete

map of the multiple microstructural lesions that jointly influence

reaction time. This study uniquely visualizes the complex, dy-

namic microstructure opaque to visual interpretation and ROI-

based approaches because TBM is generative.

Our work demonstrates a new approach for assessing latent

microstructural patterns, especially those that are not discernible

FIG 3. TBM can help assess cognitive deficits in individual patients using the computed direction to assess whether the complex and spatially
distributed patterns of white matter injury identified by Fig 2 are present. When transport maps are projected onto this direction, a projection
score is generated that can be used to differentiate patients according to the relationship in On-line Fig 3. The subjects shown correspond to
i � 3 and 4 in Fig 1. The direction of FA change with respect to the reference in individual patients corroborates the patterns identified in Fig 2.
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visually. TBM addresses many shortcomings of traditional meth-

ods. Histogram analysis does not provide regionally specific an-

swers,12,33 ROI-based techniques do not characterize spatially dif-

fuse processes, and voxel-based analysis is sensitive to a priori

structural/functional alignment,12,33,34 which produces false-

positives in mTBI cohorts.10 Tractography visualizes in vivo path-

ways, but poorly understood interconnections are precisely the

ones most difficult to characterize using tractography.35 In con-

trast, TBM uncovers structure-function circuitry13 in an auto-

mated manner. Unlike traditional methods, TBM is generative

and inverse transformation visualizes latent microstructure

opaque to these methodologies. We see multiple white matter

tracts dynamically interacting, providing novel insight into bio-

physical substrates. Our approach is widely applicable to future

mTBI studies investigating the link between brain microstructure

and clinical symptoms.

The microstructure we discovered is consistent with reaction

time neurobiology. First, optic radiations interpret the initial

stimulus and contribute to interindividual variability in reaction

time.36 Next, frontally mediated circuits help process the ob-

served stimulus. In prior studies, damage to the anterior thalamic

radiations led to impaired cognitive function37 and was associated

with reaction time deficits.38 Following executive processing, in-

terhemispheric transmission translates attention into a physical

response. The corpus callosum mediates interhemispheric trans-

mission and correlates with reaction time in both healthy and

cognitively impaired individuals.33,39 Finally, the corticospinal

tract generates a motor response.40

In addition, this study illuminates interaction across multiple

white matter tracts. The direction of FA varies among the corpus

callosum and visual tracts, corticospinal tracts, and anterior tha-

lamic radiations. Our corpus callosum findings are consistent

with prior reports6 of increased FA with injury that suggest cyto-

toxic edema in the semiacute phase. However, other studies de-

scribe diffusely decreased FA with persistent cognitive symptoms,

including in the corpus callosum.7,41 The acute/postacute imag-

ing time period may be responsible for this finding. White matter

injury in mTBI is dynamic, demonstrating increased FA early due

to cytotoxic edema and decreased FA late, reflecting decreased

white matter integrity and axonal loss.42 Our finding of mixed FA

likely reflects a transitional time period. Some regions may have

progressed to axonal loss, while others remain in earlier stages.

This mixed response is seen during the semiacute interval.43,44

The corpus callosum is the largest fiber tract in the human

brain45; increased FA may represent residual edema from the im-

mediate into the subacute phase of injury relative to smaller tracts.

There are several limitations of this study. We conducted a

retrospective, single-center study. Future prospective, multi-

center studies are needed to build on our results. Additionally, our

patients ranged from pediatric to adult. White matter myelination

may vary in the pediatric population. However, our model re-

mained significant even after accounting for age covariation.46

Furthermore, focusing on FA spatial distribution may be advan-

tageous in mixed-age patient populations in which differences in

head size may confound traditional voxel-based techniques. Our

study included subjects imaged at heterogeneous intervals since

traumatic injury, but the statistical model remained robust after

correcting for time from injury as a covariate. Furthermore, many

patients with mTBI do not seek medical attention, and there is a

possible selection bias toward more seriously injured or symp-

tomatic patients. However, the bias may help direct toward pa-

tients who would benefit most from objective assessment. Finally,

lack of universally accepted normative data limits quantitative use

of DTI metrics in the clinical setting. Future studies will need to

establish normative references for quantitative TBM in healthy

patients and those with mTBI. This study motivates future inves-

tigation into causality between brain microstructure and mTBI

symptoms.

CONCLUSIONS
In the future, 3D TBM may help provide prognostic markers to

assess either recovery or progression to chronic stages in prospec-

tive longitudinal DTI studies.12,33 There is immense potential for

3D-TBM to be a novel diagnostic technology capable of investi-

gating structure-function relationships in many diseases like

mTBI that are still considered mysteries.
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