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Abstract

Sport-related concussion (SRC) is common in contact sports, but there remains a lack of reliable, unbiased biomarkers of

brain injury and recovery. Although the symptoms of SRC generally resolve over a period of days to weeks, the lack of a

biomarker impairs detection and return-to-play decisions. To this date, the pathophysiological recovery profile and rela-

tionships between brain changes and symptoms remained unclear. In the current study, diffusion kurtosis imaging (DKI) was

used to monitor the effects of SRC on the brain and the trajectory of recovery in concussed American football players (n = 96)

at <48 h, and 8, 15, and 45 days post-injury, who were compared with a matched group of uninjured players (n = 82). The

concussed group reported significantly higher symptoms within 48 h after injury than controls, which resolved by the 8-day

follow-up. The concussed group also demonstrated poorer performance on balance testing at <48 h and 8 days than controls.

There were no significant differences between the groups in the Standardized Assessment of Concussion (SAC), a cognitive

screening measure. DKI data were acquired with 3 mm isotropic resolution, and analyzed using tract-based spatial statistics

(TBSS). Additionally, voxel- and region of interest-based analyses were also conducted. At <48 h, the concussed group

showed significantly higher axial kurtosis than the control group. These differences increased in extent and magnitude at 8

days, then receded at 15 days, and returned to the normal levels by 45 days. Kurtosis fractional anisotropy (FA) exhibited a

delayed response, with a consistent increase by days 15 and 45. The results indicate that changes detected in the acute period

appear to be prolonged compared with clinical recovery, but additional brain changes not observable acutely appear to

progress. Although further studies are needed to understand the pathological features of DKI changes after SRC, these

findings highlight a potential disparity between clinical symptoms and pathophysiological recovery after SRC.
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Introduction

Sport-related concussion (SRC) is common in contact sports

such as American football, with up to 5,000,000 incidents per

year in high school and collegiate athletes.1 SRC is generally

considered to be a mild injury, and the typical return-to-play (RTP)

time is 1–2 weeks post-injury when physical symptoms resolve.2–5

However, animal studies6,7 and recent neuroimaging studies8–12

have shown that signs of physiological and anatomical abnormal-

ities in the brain persist beyond this time frame, and potentially can

persist up to several months after injury. The timeline of actual

physiological recovery is critical because an early RTP before full

recovery might render the athlete more susceptible to re-injury.2,5

Therefore, it is important to determine the effects of SRC on the

brain and the time course of physiological recovery, to improve

patient assessment and RTP guidelines.

White matter (WM) injury after SRC has been of particular

interest because of the strain inflicted on axonal tracts.13–15

Diffusion magnetic resonance imaging (MRI) has been widely

used in SRC research because of its capability to detect micro-

scopic abnormalities that are invisible with conventional ana-

tomical imaging at macroscopic scales. The majority of prior

studies used diffusion tensor imaging (DTI), and investigated

changes in fractional anisotropy (FA) and mean, axial, and radial

diffusivity (MD, AD, RD).16–22 However, despite its high sen-

sitivity, DTI has also considerable ambiguity. Both increases and

decreases in DTI metrics have been reported, suggesting that

direction of changes may depend on known or unknown factors,

including injury mechanisms and severity. Additionally, the DTI

metrics evolve over time after injury. A comprehensive review of

DTI findings in SRC can be found in recently published review

articles.23–25
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The underlying physical and biological assumptions of DTI have

furthered the investigation of alternative models. DTI assumes a

Gaussian distribution of water diffusion behavior, and complex

microenvironments such as neuronal tissue cause a deviation from

this assumption.26,27 Diffusion kurtosis Imaging (DKI) is an alter-

native model that estimates both the Gaussian and non-Gaussian

components of the diffusion signal by acquiring diffusion-weighted

images at multiple diffusion weighting factors (b-values).26,27 In-

creased model accuracy afforded by DKI is expected to improve

sensitivity and accuracy of DWI to the changes in WM induced by

SRC. Our group and others studied the effects of SRC and mild

traumatic brain injury (mTBI) on WM fiber tracts using DKI,8,9,28–31

and reported robust changes in the kurtosis parameters in injured

subjects. Some of those studies conducted follow-up scans, demon-

strating longitudinal changes from acute to subacute phases of inju-

ry.8,9,29,30 In addition, Grossman and coworkers reported correlations

between cognitive impairment in subjects with concussion and mean

kurtosis (MK) in major WM fiber tracts.28

In our previous work, we studied changes in DKI metrics in a

group of 26 American football players with SRC and 26 matched

controls during the acute (at 24 h), subacute ( 8 days),8 and chronic

phases of injury (at 6 months).9 The concussed group exhibited

decrease in MD and increased axial kurtosis in major fiber tracts

during the acute phase, and the magnitude and extent of changes

increased at 8 days. At the 6 month follow-up, the axial kurtosis

measures returned to normal levels, but MD remained lower in

athletes with high injury scores measured by Sport Concussion

Assessment Tool (SCAT3).32

The objective of this study was to capture the trajectory of DKI

changes during the acute and subacute phases of injury by scanning

subjects at four time points over a period of 45 days. A larger cohort

of American football players, independent from our original study,

was studied, with 96 concussed athletes 82 matched control sub-

jects. Based on our prior work, we hypothesized that concussed

athletes would have elevated axial kurtosis at the acute and sub-

acute phase with recovery toward normal control levels by later

visits.

Methods

Participants

Participants were recruited for a prospective study of clinical
recovery from SRC funded by the United States Department of
Defense. American football athletes from four high schools and
four colleges in southeastern Wisconsin were enrolled for this study
between June 2015 and December 2017. Written informed consent
was obtained from all adult athletes and parents of minor athletes
prior to their first evaluation; minor participants completed assent.
All testing procedures were approved by the institutional review
board at the Medical College of Wisconsin.

A total of 1174 athletes were enrolled at pre-season baseline, and
completed clinical assessments; 106 of those subjects sustained
concussion and were scanned within the first 48 h (32.47 – 14.19 h),
and then at 8 days (8.20 – 0.98 days), 15 days (15.42 – 1.35 days),
and 45 days (45.56 – 3.77 days) after injury; 91 control subjects
were matched on demographics and baseline neurocognitive test
performance and were scanned and assessed at similar time
points.33,34 Ten data sets from the concussed group and nine data
sets from the control group were discarded after failing image
quality controls, leaving a total of 96 athletes with SRC and 82
matched controls. Chi-square tests did not show a significant dif-
ference between the SRC and control groups in exclusions caused
by subpar image quality (the v2 statistic is 0.39, p = 0.53). Reason to
exclude a data set were either too much head motion, operator error,

equipment failure (e.g. radiofrequency [RF] coil channel failure),
or a similar problem. Demographic information is shown in Table 1.
Clinical diagnosis of concussion was determined by certified ath-
letic trainers or team physicians trained in sports medicine at each
institution; all injuries were screened to ensure compliance with
study definition and requirements. The definition of concussion
proposed by Centers for Disease Control and Prevention HEADS
UP educational initiative was used in this study: ‘‘An injury re-
sulting from a forceful bum, blow or jolt to the head that results in
rapid movement of the head and causes a change in the athlete’s
behavior, thinking, physical functioning, or the following symp-
toms: headache, nausea, vomiting, dizziness/balance problems,
fatigue, difficulty sleeping, drowsiness, sensitivity to light/noise,
blurred vision, memory difficulty, and difficulty concentrating’’
(https://www.cdc.gov/headsup/basics/concussion_whatis.html).
Participants were excluded from the parent study if their addi-
tional injuries precluded participation in study procedure, or if
they reported their injuries outside the 48-h window, had a current
diagnosis of psychotic disorder, had been using prescribed nar-
cotics prior to injury, or had a history of moderate or severe TBI or
other medical conditions known to cause cognitive dysfunction
(e.g., epilepsy, stroke). Participants were also excluded from the
current study if they were not cleared to undergo an MRI scan
(e.g. claustrophobia, metal implant).

Baseline and post-injury clinical assessments

The clinical battery included the SCAT3, which evaluates so-
matic, cognitive, and emotional post-concussive symptoms,32 the
Standardized Assessment of Concussion (SAC) as a cognitive
screener,35,36 and the Balance Error Scoring System (BESS) to assess
postural stability.37–39 All clinical assessments were administered
before the season to establish a baseline, and then they were repeated
in each follow-up visit. The number of symptomatic days and the
length of RTP was also recorded at each follow-up visit.

Table 1. Participant Characteristics

Concussed Control
(n = 96) (n = 82)
mean
(SD)

mean
(SD) p

Demographics
Age (years) 18.06 (1.5) 18.37 (1.7) 0.24
Race (n, %)

White 74(77%) 63(76.8%)
Black 20(20.8%) 18(21.9%)
American Indian/

Alaska Native
2(2%) 1(1.2%)

Height (in.) 71.7 (2.77) 71.02 (2.4) 0.08
Weight (lb.) 217.6 (50.8) 206.4 (41.5) 0.11
ADHD diagnosis (n, %) 9 (9.4%) 6 (7.3%) 0.62a

Learning disability (n, %) 2 (2.1%) 0.0 (0.0%) 0.19a

Household SESb 46.29 (11.1) 45.63 (11.05) 0.69
Total number of previous

concussionsc
102 59 0.067

Acute injury
characteristics

Loss of consciousness 2 (2.1%) -
Post-traumatic amnesia 15 (15.6%) -
Retrograde amnesia 4 (4.2%) -

aApproximate significance using Cramer’s V.
bHollingshead SES score.
cHistory of previous concussions reported by the players.
SD, standard deviation; ADHD, attention-deficit/hyperactivity disorder;

SES, socioeconomic status.
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MRI acquisition

All participants were scanned on a GE MR750 whole body 3T
MRI scanner (Waukesha, WI) equipped with a 32-channel head
coil. Diffusion weighted images for DKI were obtained using a
single-shot spin-echo echo-planar imaging (EPI) sequence with
3 mm isotropic voxels and b-values of 1000 s/mm2 and 2000 s/mm2,
with 30 diffusion directions for each b-value. The DKI acquisitions
covered the whole brain, with an acquisition time of 5 min 30 sec.
An additional non-diffusion weighted spin-echo EPI scan was ac-
quired with the phase encode polarity reversed to correct for dis-
tortions caused by tissue magnetic susceptibility variations using
post-processing software tools.

Processing of DKI data

Each diffusion weighted image set was visually inspected for
artifacts before any processing was applied. Data sets that cleared
quality inspection were further processed using an established
pre-processing pipeline. First, spatial distortions caused by mag-
netic susceptibility variations were corrected using the TOPUP
function40 of the FSL software (version 6.0.0, http://fsl.fmrib.ox
.ac.uk/fsl/fslwiki/). Motion- and eddy current-related distortions
were corrected using the EDDY function of FSL.41 After the pre-
processing, images were inspected again to ensure that the pro-
cessing did not introduce artifacts or distortions.

Diffusion and kurtosis tensors were estimated using DKE
software (https://www.nitrc.org/projects/dke/)26,27 to derive
maps of kurtosis fractional anisotropy (KFA), mean kurtosis
(MK), and radial and axial kurtosis (Krad and Kax, respectively).

Similarly, maps of FA, MD, and radial and axial diffusivity
(Drad, and Dax) were calculated from the diffusion tensor esti-
mation. The robust option was used, which detects and removes
outliers using an iterative algorithm during the model fitting.42 A
sample set of diffusion tensor and kurtosis maps from one of the
participants is shown in Figure 1. The test–retest reliability of
DKI maps was investigated at the beginning of our concussion
studies using the concordance correlation coefficient (CCC)43

on repeated scans from control subjects. Average CCC was 0.91
for MD, 0.86 for Krad, and 0.85 for Kax in non-skeletonized
DKI maps.

A tract-based spatial statistics (TBSS) approach44 was used for
analysis of group differences in major WM tracts. Pre-processing of
DKI data for TBSS began with registering each subject’s FA map to
the FMRIB58_FA template (standard space FA map) using linear
and non-linear transformations. Then, a WM skeleton was gener-
ated for the group. The local FA value was projected onto the
skeleton. A threshold of FA >0.2 was applied to include all major
WM tracts and exclude superficial WM and gray matter. The
skeletonization was repeated for each of the other DTI and DKI
metrics.

Statistical analysis

Demographic and clinical data. Group differences in de-
mographic and clinical data were determined using the Statistical
Package for Social Sciences (SPSS, version 24.0). Linear mixed
effects models with visit as within-subject variable, group as
between-subject factor, the group-by-visit interaction, and age and
prior concussion included as covariates were used to determine

FIG. 1. Sample diffusion kurtosis imaging (DKI) parameter maps from one of the participants.
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changes in clinical measures across visits. Student’s t tests were used
for comparing group differences in demographic data while v2 tests
were used to examine group differences in categorical variables.

TBSS of the WM tracts. Group differences in major WM
tracts were tested using the general linear model (GLM) analysis on
skeletonized DKI maps obtained from the TBSS approach. Ran-
domise function in FSL, which employs a non-parametric approach
to evaluate the GLM using a large number of random permutations
among groups to identify statistically significant effects, was used
for voxelwise statistical tests.45,46 Randomise was run with 2000
permutations and the threshold-free cluster enhancement (TFCE)
option.47 Each statistical test was corrected for multiple compari-
sons using a familywise error (FWE) rate, and results were thre-
sholded using p < 0.05.

Group differences in each of the DTI and DKI metrics were
compared at each time point. The concussed group had a higher
number of prior concussions (Table 1) than the control group, and
the number of prior concussions was included as a covariate.
Likewise, although age was not different between groups, it was
included as a covariate in all analyses, because age-dependent
changes in diffusion MRI measures are well established.48–52

Voxel-based analysis (VBA) of the whole brain. A whole
brain VBA was also conducted on each of the diffusion maps.
Because TBSS excludes peripheral WM and gray matter regions,
VBA was performed to complement the skeletonized WM analysis
with TBSS. The spatially registered parameter maps were com-
pared at a group level using the same GLM model and statistical
comparisons using the prior TBSS description, including 1000 it-
erations and TFCE option. The images were smoothed with 3 mm
Gaussian kernel prior to analysis.

Region of interest (ROI) data. An ROI analysis was used for
a subsequent investigation of the effects of time. ROIs were derived
from the statistically significant TBSS group effects, which emerged
for Kax, Krad, and KFA. ROIs were created from the largest cluster of
voxels with statistically significant group differences, using Kax at
the 48-h time point and Krad and KFA from the day-15 time point,
because these time points showed the largest respective group ef-
fects. The mean values of each DKI metric for each subject were
extracted and used for additional analysis. Linear mixed effects
models with visit as within-subject variable, group as between-
subject factor, the group-by-visit interaction, and age and prior
concussion included as covariates were used to determine changes
in metrics across visits. SPSS software version 24 (Armonk, NY
USA) was used for the ROI statistics. Post-hoc tests were corrected
for multiple comparisons using Bonferroni correction.

Results

Subject characteristics

All participants were male. There were no significant differences

between concussed and control athletes in age, race, height, or weight

(Table 1). Further, the groups did not differ regarding number of

individuals diagnosed with attention-deficit/ hyperactivity disorder or

a learning disability. Although not statistically significant, a trend

existed for a higher number of prior SRCs in the concussed group

( p = 0.067). In the concussed group, the average duration for resolu-

tion of symptoms was 9.5 days with a standard deviation of 8.8 days.

Clinical injury measures

Between-group differences. At pre-season baseline, there

were no differences between the concussed group and controls on

the SCAT3 symptom checklist, SAC, or BESS (Table 2). Within

the first 48 h post-injury, the concussed group reported significantly

more concussion symptoms on the SCAT3 than the control group

( p < 0.001), but did not demonstrate a difference in cognitive per-

formance on the SAC ( p = 0.3). The groups differed on BESS bal-

ance testing at 48 h ( p < 0.001) and at day 8 follow-up ( p = 0.012).

There were no significant differences between groups at day 15 and

day 45 follow-ups in any of the clinical injury measures.

Within-group changes. The group · time interaction was sta-

tistically significant for SCAT3 symptom severity scores ( p < 0.001),

with the concussed group reporting significantly higher SCAT3

symptoms within the first 48 h post-injury than at baseline ( p < 0.001).

At 8 days post-injury, however, reported symptoms in the concussed

group returned to baseline levels ( p = 0.79) and remained at the same

levels on day 15 and day 45 follow-ups (Fig. 2). For the control group,

there were no significant differences between any time points for

SCAT3.

SAC scores were not significantly different between the two

groups at any time point. Also, the SAC scores in the concussed

group did not differ from the baseline at 48 h post-injury ( p = 1.00),

but a significant monotonic increase was seen at 8 days ( p = 0.022),

15 days ( p = 0.003), and up to 45 days ( p < 0.001). The control group

also showed the same type of increase, with significant change from

baseline at 15 days ( p = 0.003) and 45 days ( p < 0.001). Because

higher SAC scores indicate better performance, this increase in

performance could be the result of learning effects.

The group · time interaction was statistically significant for

BESS ( p < 0.001). BESS scores in both groups started with similar

values (Fig. 2), which were within the normal values reported

(12.03–7.34).39 Higher BESS scores indicate worse performance.

Concussed athletes had higher BESS scores than controls at 48 h

( p < 0.001) and 8 days ( p = 0.012). Control athletes, but not athletes

with SRC, had lower BESS scores at 48 h post-injury relative to

baseline ( p < 0.001).

Table 2. Clinical Assessment of Participants

Concussed Control
(n = 96) (n = 82)

mean (SE) mean (SE) p

SCAT3 Symptom Severity
Baseline 3.7 (0.91) 2.2 (1.02) 0.267
48 h 23.5 (0.92) 1.7 (1.02) < 0.001
8 days 5.7 (0.94) 1.1 (1.05) 0.01
15 days 1.7(0.97) 0.93(1.07) 0.58
45 days 1.01(1.01) 1.13(1.11) 0.94

SAC Total Score
Baseline 25.87(0.22) 25.88(0.24) 0.96
48 h 25.88(0.22) 26.22(0.24) 0.3
8 days 26.58(0.22) 26.47(0.25) 0.75
15 days 26.74(0.22) 26.85(0.25) 0.75
45 days 27.49(0.24) 27.23(0.26) 0.55

BESS Total Score
Baseline 12.53 (0.43) 11.35 (0.48) 0.07
48 h 13.17 (0.43) 9.2 (0.48) <0.001
8 days 11.08 (0.44) 9.4 (0.49) 0.012
15 days 10.83(0.45) 9.78(0.5) 0.12
45 days 10.04(0.46) 9.41(0.51) 0.37

SE, standard error; SCAT3, Sport Concussion Assessment Tool, 3rd
Edition; SAC, Standardized Assessment of Concussion; BESS, Balance
Error Scoring System.

Significant differences are presented in boldface.
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DTI changes

There were no significant differences in FA, MD, RD, or AD

between the two groups in TBSS or VBA analyses. There were also

no significant change in these metrics with time within the groups.

DKI changes

Between-group differences in axial kurtosis, TBSS, and
VBA. Kax was significantly higher in the concussed group than in

the controls at 48 h, 8 days, and 15 days ( p < 0.05, FWE corrected)

(Fig. 3a). The affected areas were mostly confined to the corpus

callosum, genu, and splenium in the 48-h scans. However, the ef-

fects became more widespread in the follow-up scans at 8 days. In

addition to the corpus callosum, genu, and splenium, the majority

of corticospinal tracts, superior longitudinal fasciculus, and inferior

longitudinal fasciculus were affected bilaterally 1 week after the

injury. Two weeks after the injury, the group differences were

confined to the body of corpus callosum, and most of the other

affected areas returned to levels comparable to those of controls.

There were no significant differences in Kax by day 45.

There were no significant differences in Kax between the groups

in the VBA.

Between-group differences in axial kurtosis, ROI analy-
sis. Figure 3b shows mean Kax values for each time point for the

concussed athletes and controls. The largest cluster of voxels that

showed group differences in 48 h scans was used as a mask, and Kax

values inside this mask were averaged across all subjects in each

group for each time point. Mean values for the control group were

*0.75 (unitless) and did not substantially differ over the evaluation

period, whereas the concussed group had elevated levels across all

time points. Kax values showed further increase on day 8, and then

started to return to normal levels by day 45. The time · group in-

teraction term was significant ( p = 0.001), with the concussed

group showing significant change with time ( p < 0.001) and no

significant changes in the control group ( p = 0.136). In the con-

cussed group, the Kax values were significantly elevated at 48 h

( p = 0.009) and 8 days (p < 0.001) compared with at 45 days. In the

control group, there were no statistically significant differences

between any of the time points. The difference between the groups

at each visit was also significant ( p < 0.001 for 48 h, 8 days, and 15

days, and p = 0.004 for 45 days).

Between-group differences in Krad, TBSS, and VBA. In

the TBSS skeletonized analysis, Krad was lower in the concussed

athletes than in the control athletes, and it showed a more delayed

time course than Kax. There were significant group differences in

Krad in frontal lobe WM at the day-15 visit, with lower Krad in

athletes with SRC than in controls (Fig. 4a); ( p < 0.05, FWE cor-

rected).

Whole brain voxel-based analysis showed group differences in

Krad, mostly in peripheral WM and cortical gray matter regions

(Fig. 4b). Similar to the findings in WM tracts, Krad was lower in the

concussed group, and it showed the same delayed effect at day 15

scans. However, VBA analysis showed group differences in frontal,

parietal, and occipital regions, unlike TBSS results, in which ef-

fects were only in the frontal WM.

Between-group differences in Krad, ROI analysis. Figure 4c

shows the plots for means of Krad for the two groups across the four

time points. The averages were calculated from the largest cluster

from TBSS analysis on day 15. The time · group interaction term

was significant ( p = 0.006), and the concussed group showed sig-

nificant change over time ( p < 0.032). Although mean Krad values

for the control group showed a monotonic increase over time, it was

not significant ( p = 0.059). The pairwise comparisons of Krad val-

ues between time points for the concussed group did not show

statistically significantly differences, but there was a trend between

48 h and 15 days ( p = 0.059). In the control group, there were no

statistically significant differences between any of the time points.

Additionally, concussed athletes had significantly lower Krad at 8

days ( p = 0.005) and 15 days ( p < 0.001) than controls.

Between-group differences in KFA, TBSS, and VBA.
KFA also showed a delayed effect, with the concussed group

FIG. 2. Clinical injury scores for the two groups across the five
time points. Error bars indicate standard error. Color image is
available online.
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demonstrating higher KFA values in the frontal lobe WM (Fig. 5a).

There were no significant differences in the 48 hour and day 8

scans. However, day 15 scans showed significant differences in the

frontal WM, and the effects were more widespread by day 45

( p < 0.05, FWE corrected).

KFA also followed the same trends in VBA, showing higher

values in the concussed group than in controls on day 15 and day 45

scans (Fig. 5b).

Between-group differences in KFA, ROI analysis. Figure 5c

shows mean KFA values in the largest cluster of voxels that

showed group differences in day 15 scans. On the other hand,

the concussed group had an elevated KFA across all four time

points, but there was a notable increase in KFA on day 15.

The group · time interaction was statistically significant for

KFA ( p = 0.029). The difference between 48 h and day 45 was

significant in the control group ( p = 0.044), because of the

monotonic decrease in average KFA values over time. Other

pairwise comparisons between time points did not show a

significant difference for either group. On the other hand, pair-

wise comparisons between the two groups showed signifi-

cant differences at 8 days ( p = 0.005), 15 days ( p < 0.001), and

45 days ( p < 0.001). Whereas Krad values had an increasing

trend over time in the control group, KFA showed a decreas-

ing trend, which might be expected given their mathematical

relationship.

Associations among DKI metrics, symptom duration,
symptom severity, and SCAT3. There were no significant

associations between DKI metrics at any time point and 48-h

SCAT3. Similarly, no associations were noted between DKI

metrics at any time point and duration of symptom recovery or

symptom severity.

Discussion

This study investigated changes in DKI measures in the brain

during the acute, subacute, and recovery periods after SRC. These

changes in DKI metrics demonstrate the progression of microscopic

WM disruptions following concussion. The ability to capture the

FIG. 3. (a) Results of tract-based spatial statistics (TBSS) white matter analysis for axial kurtosis. Voxels in red show regions
of significant group differences ( p < 0.05, familywise error [FEW] corrected). Significant voxels from the skeletonized TBSS
data have been inflated using tbss_fill for viewing purposes, and are overlaid on the T1 weighted image in the Montreal
Neurological Institute (MNI) space. Kax was higher in the concussed group than in controls in the first three visits. (b) Mean Kax

values in the largest cluster of voxels in TBSS analysis that showed group differences in 48-h scans. Error bars show 95%
confidence intervals. The inset shows the location and extent of the cluster (red voxels) from which these data are derived. Color
image is available online.
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FIG. 4. (a) Results of tract-based spatial statistics (TBSS) white matter analysis for radial kurtosis. Voxels in green show regions of
significant group differences ( p < 0.05, familywise error [FEW] corrected). Significant voxels from the skeletonized TBSS data have
been inflated using tbss_fill for viewing purposes, and are overlaid on the T1 weighted image in the Montreal Neurological Institute
(MNI) space. Krad was significantly lower in the concussed group than in controls only on day 15 scans. The effects were in the frontal
lobe white matter, including the genu. (b) Results of voxel-based analysis (VBA). Krad was significantly lower in the concussed group
than in controls on day 15 and day 45 scans (green voxels). (c) Mean Krad values in the largest cluster of voxels in TBSS analysis that
showed group differences in day 15 scans. Error bars show 95% confidence intervals. The inset shows the location and extent of the
cluster (red voxels) from which these data are derived. Color image is available online.
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initial changes within the first 48 h after injury and at 8, 15, and 45

days provided a better understanding of the progression of tissue

injury and recovery as evidenced by the DKI biomarkers. Notably,

the different metrics exhibit different time courses and spatial patterns

that might reflect their sensitivities to different pathological features.

The most pronounced differences between concussed athletes

and matched contact control athletes were observed in Kax, which

occurred during the first 2 weeks after injury. The differences were

primarily confined to central WM tracts in the 48-h scans, which

became more widespread at day 8. At day 15 follow-up, there were

still persisting changes in the corpus callosum fibers, but these

differences did not remain by day 45. However, ROI plots in

Figure 3b show elevated Kax values in the injured group at all time

points, including day 45, but it was not significant in the TBSS

analysis. VBA did not yield statistically significant changes after

multiple comparison corrections, although similar trends were seen

in WM tracts. This type of variability might be expected between

VBA and TBSS analyses, because partial volume effects and var-

iability caused by imperfect registrations would affect the voxel-

wise statistics that TBSS explicitly accounts for.44

Conversely, Krad showed a delayed response with differences

becoming evident at day 15 and increasing at day 45. These

changes were mainly in the major frontal lobe WM tracts and pe-

ripheral WM and gray matter boundaries in the frontal and occipital

areas. Based on the time plots from the ROI, Krad values were

generally lower in the concussed group on days 8, 15, and 45.

However, TBSS results were only significant on day 15, showing

effects in the frontal lobe WM and genu. VBA analysis showed

significant differences on day 15 and 45 scans, with group differ-

ences mainly in the pre-frontal and occipital areas.

KFA measurements showed a trend similar to Krad, where an

increase in KFA was evident in the concussed group on day 15.

There were no significant differences in the KFA values between

the two groups during the acute and subacute phase (48 h and

day8 scans). Significant group differences began to manifest in

the frontal WM by day 15, which became more pronounced on

day 45 scans. However, this increased effect on day 45 might be

partially driven by the slight drop in KFA values in the control

group at this time point. However, both groups showed a slight

drop in average KFA values on day 45, maintaining the same

magnitude of difference between the two groups at these two time

points. Therefore, it might be concluded that the wider spread of

effects might be actually related to some tissue changes during a

long recovery period. The variations in the control group across

the four time points were not significant, but they were significant

in the concussed group. In addition, TBSS and VBA results com-

plemented each other, demonstrating significant changes in major

WM fiber tracts as well as peripheral WM regions in the concussed

subjects. Further, the values did not return to normal levels even on

day 45 follow-up. Considering the evidence from TBSS, VBA, and

ROI analyses with KFA, it might be concluded that the concussed

group had overall slightly elevated KFA values mainly in the frontal

lobe across all four time points, but that group differences were only

significant at the last two time points.

Overall, these findings support the notion that physiological

changes caused by injury might extend beyond the resolution of

clinical symptoms of SRC. Figure 2 shows that all three clinical

injury measures (SCAT3, SAC, and BESS) returned to baseline

levels within 8 days after injury. However, physiological changes

detected by diffusion kurtosis metrics were evident beyond 8 days,

some extending to 45 days. Further, there is a notable increase in the

spatial extent of the injury-related WM changes on day 8, suggesting

an evolving neuropathological process in concussed group. Im-

portantly, these results are in accord with our earlier analysis of DKI

changes in SRC in a smaller cohort of American football players

(26 injured and 26 controls).8 Temporal and spatial changes in Kax

showed identical characteristics in both data at 24–48 h and 8 days.

In the earlier work, however, we did not have follow-up measure-

ments at 15 and 45 days. Therefore, this study not only supported the

validity of Kax changes in a larger and separate cohort of in injured

athletes, but also provided a better trajectory of physiological

changes. Additionally, we observed changes in Krad in this larger

cohort, which we did not see in the earlier data. This could be because

of increased statistical power with a larger sample. We did not cal-

culate KFA in the earlier study; therefore, we do not have a com-

parison for that metric. On the other hand, we had observed reduced

MD measurements in injured athletes in the earlier data, but we

did not see it in this group. It is possible that the injured cohort in

the earlier study had more severe injuries (mean SCAT3 = 27.6,

mean SAC = 24.5) than this group (mean SCAT3 = 23.5, mean

SAC = 25.9), which might explain some of these discrepancies,

other than the cohort sizes. However, from both studies, Kax

seems to be the most robust metric for measuring early changes

after injury.

In addition to the conceptional advantages of DKI over DTI in

characterizing diffusion in complex tissues, our result also demon-

strated a greater sensitivity of DKI compared with DTI in detecting

the effects of sports concussion in the same cohort. The results also

shed light on possible pathophysiological effects of concussion, al-

though noting that direct assignment of DKI or DTI changes to a

single pathological feature is problematic. Nonetheless, because the

kurtosis metrics exhibit different spatiotemporal patterns, insight

into the putative pathophysiological effects is warranted. In this

study, Kax was more sensitive to early responses to injury. Increased

Kax is indicative of impeded diffusion along the axis of the WM fiber

tracts, and this feature and its early effects after SRC would possibly

be in agreement with axonal beading that occurs in consequence of

acute injury.53 This axonal beading can be caused by ionic or osmotic

effects, or driven by focal accumulation of organelles.54 The po-

tential association between Kax and axonal beading was suggested by

a DKI study of head impact exposure in high school American

football players.55 They cited two DKI studies on stroke patients,

which reported increased Kax after ischemic stroke.56,57 In those

studies, the authors argued that tissue heterogeneity along the axial

FIG. 5. (a) Results of tract-based spatial statistics (TBSS) white matter analysis kurtosis fractional anisotropy (FA). Voxels in blue
show regions of significant group differences ( p < 0.05, familywise error [FEW] corrected). Significant voxels from the skeletonized
TBSS data have been inflated using tbss_fill for viewing purposes, and are overlaid on the T1 weighted image in the Montreal
Neurological Institute (MNI) space. Kurtosis fractional anisotropy (KFA) was higher in the concussed group than in controls in the day
15 and day 45 scans. (b) Results of voxel-based analysis (VBA). KFA was higher in the concussed group than in controls on the day 15
and day 45 scans (blue voxels). (c) Mean KFA changes in time measured in the largest cluster of voxels from TBSS analysis. Error bars
show 95% confidence intervals. The inset shows the location and extent of the cluster (red voxels) from which these data are derived.
Color image is available online.
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diffusion direction would lead to an increase in axial kurtosis. This

view is also supported by an animal model of mTBI, which showed

increased Kax and reduced Krad after a head impact.31 However,

direct comparisons of injured axons after concussion and DKI

measurements remain to be shown, and the pathophysiological im-

plications need further external validation. On the other hand, de-

layed changes in KFA and Krad in frontal WM fibers and gray matter

could possibly reflect ongoing or secondary effects. In animal

models of contusion TBI, extensive neurodegeneration occurs out-

side of the primary site of injury.58 The spatial pattern and temporal

effects of the Krad changes in this study are interesting, given the

reported features of long-term pathological consequences of repeti-

tive head trauma.57 However, in this relatively short-term longitu-

dinal study after a single concussion by comparison with lifelong

effect, these relationships are purely speculative, and further longi-

tudinal studies and mechanistic animal studies are necessary to parse

out these findings.

A strength of this study was the ability to capture acute changes

within the first 48 h after injury. Including only male American

football players with a narrow age range and matched for demo-

graphics allowed us to minimize various potential confounding

factors that may affect concussion consequences such as sex, age,

and the type of sports played. On the other hand, this limits the

generalizability of these findings to female athletes, other sports,

and other age groups, and to concussion in the general population. It

is possible that the characteristics of injury-related changes could be

different between males and females. Similarly, the brain undergoes

significant changes throughout the lifespan,48,49,59 which might lead

to different neurophysiological changes with similar type of injuries

at different ages. In addition, the type of sports activity might lead to

different type of brain injury characteristics, which in turn could

manifest different neurophysiological changes after injury. There-

fore, it would be beneficial to expand this type of research by in-

cluding females, other age groups, and other contact sports.

Another limitation of the study was the spatial resolution of the

DKI scans: 3 mm isotropic voxels allowed us to study WM tracts that

were at the voxel resolution or larger. Future studies with higher

resolution scans could help detect injury signatures in smaller fiber

tracts.

Although the overarching goal is to establish diagnostic and

prognostic biomarkers of SRC for individual athletes, the results

presented here are just the first step in reaching that objective.

Finding typical changes in DKI in injured athletes might help us

focus on those particular metrics and explore their potential as a

diagnostic or prognostic tool in future studies. In that respect, the

findings reported here provide some indirect imaging evidence about

persisting neurophysiological abnormalities in the brain beyond the

time frame when clinical symptoms typically subside. If these DKI

metrics can be used as a biomarker of tissue injury and recovery, an

early RTP could be avoided, and the athlete could be protected from

a potentially more severe re-injury. Although most of the injured

athletes had reported symptom relief on day 8, DKI differences re-

mained. Moreover, the magnitude and extent of the DKI changes

appeared to have increased after a week compared with the acute

period. Interestingly, some of the DKI metrics demonstrated delayed

changes in tissue microstructure after 2 weeks, possibly indicating

some latent effects after injury. Unfortunately, the full characteristics

of brain tissue injury and recovery are not well understood at this

time, with some studies reporting changes in brain structure and

function ranging from a month up to a year after an mTBI.60–64

Considering that a history of multiple concussions within the window

of increased cerebral vulnerability is associated with poorer recov-

ery,2 it might be expected that the WM changes observed here could

be accumulating and amplifying with multiple injuries during this

vulnerable period and contributing to poor outcomes. Accumulating

evidence from advanced imaging studies such as this and other ob-

jective clinical biomarkers might help inform more accurate RTP

decisions that are in the best interest of athletes.

Conclusion

This study reported DKI changes in the brain after SRC, with

different DKI measures showing group differences at different time

points. These findings complemented and supported our earlier find-

ings from a smaller and separate cohort with fewer follow-up visits.
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