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ABSTRACT

BACKGROUND AND PURPOSE: The effect of exposing the developing brain of a high school football player to subconcussive impacts
during a single season is unknown. The purpose of this pilot study was to use diffusion tensor imaging to assess white matter changes during
a single high school football season, and to correlate these changes with impacts measured by helmet accelerometer data and neurocog-
nitive test scores collected during the same period.

MATERIALS AND METHODS: Seventeen male athletes (mean age, 16 � 0.73 years) underwent MR imaging before and after the season.
Changes in fractional anisotropy across the white matter skeleton were assessed with Tract-Based Spatial Statistics and ROI analysis.

RESULTS: The mean number of impacts over a 10-g threshold sustained was 414 � 291. Voxelwise analysis failed to show significant changes
in fractional anisotropy across the season or a correlation with impact frequency, after correcting for multiple comparisons. ROI analysis
showed significant (P � .05, corrected) decreases in fractional anisotropy in the fornix-stria terminalis and cingulum hippocampus, which
were related to impact frequency. The effects were strongest in the fornix-stria terminalis, where decreases in fractional anisotropy
correlated with worsening visual memory.

CONCLUSIONS: Our findings suggest that subclinical neurotrauma related to participation in American football may result in white
matter injury and that alterations in white matter tracts within the limbic system may be detectable after only 1 season of play at the high
school level.

ABBREVIATIONS: CTE � chronic traumatic encephalopathy; FA � fractional anisotropy; FXST � fornix-stria terminalis; TBSS � Tract-Based Spatial Statistics

The association between head injury and neurodegeneration in

contact sport athletes has been well established. Multiple

postmortem case reports of former American football players

with this neurodegenerative process, termed “chronic traumatic

encephalopathy” (CTE), are present in the literature.1,2 Although

most available data are from middle-aged or elderly individuals,

there is a troubling report of early CTE pathologic changes in a

deceased high school football player.3 CTE is believed to be re-

lated to repetitive brain injuries accrued across time, and the long-

term consequences of exposing the developing brain of a high

school football athlete to several hundred head impacts during a

season have yet to be determined. With �1 million high school

athletes playing football, there is a commensurately large need to

elucidate the neurologic consequences of repetitive, subconcus-

sive impacts.4

There is a growing body of evidence that diffusion tensor im-

aging can detect injuries to the white matter tracts related to con-

tact sports exposure. One study, for example, found alterations in

DTI measures of mean diffusivity and fractional anisotropy (FA)

in high school football athletes that differed from those in con-

trols.5 Most interesting, these alterations in DTI metrics were even

more extensive in the single concussed subject in that study.

These findings are corroborated by studies in which a greater

risk-weighted head impact exposure index was associated with
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a greater number of voxels with altered FA.6,7 Expanding to

other sports, the burden of heading events in adult soccer ath-

letes has been associated with alterations in white matter dif-

fusion metrics and diminished performance on computerized

cognitive assessment.8,9

Given the evidence linking subconcussive impacts to neuro-

physiological and neuroanatomic alterations, the purpose of this

pilot study was to use diffusion tensor imaging to assess white

matter changes during a single season of high school football.

Furthermore, we sought to correlate imaging data with helmet

accelerometer and neurocognitive data collected during the same

period. We hypothesized that alterations in white matter diffu-

sion tensor metrics from preseason to postseason would correlate

with cumulative subconcussive impacts, as measured by helmet

accelerometers, and that these DTI changes would also correlate

with alterations in neurocognitive measures.

MATERIALS AND METHODS
Subjects
This was a prospective, longitudinal pilot study to investigate the

effects of cumulative head impacts during 1 high school football

season. An initial MR imaging study was performed for each sub-

ject before the start of fall contact practice (average, 4.6 � 5.0 days

before the first contact practice). Within 4 weeks of the end of the

season (average, 14.5 � 8.5 days after the final game), the subjects

returned for the postseason MR imaging using the same protocol.

If a subject was injured and missed a portion of the season, they

were scanned after the completion of the team’s season. Any sub-

jects who experienced a diagnosed concussion were asked to un-

dergo an additional MR imaging within 48 hours of the injury in

addition to the pre- and postseason scans.

Institutional review board approval was obtained at both par-

ticipating institutions, Duke University and University of North

Carolina, Chapel Hill, before enrollment. Subjects were recruited

from a local high school football team by an informational meet-

ing held with players and parents following a noncontact pre-

season practice. Because all the subjects were minors, informed

consent was obtained from the subject’s legal guardian with assent

from the subject before enrollment in the research study.

Any participant with a contraindication to MR imaging was

excluded. Individuals with metallic dental or surgical implants

that would excessively degrade the echo-planar images were also

excluded. Any subject with a structural abnormality on MR im-

aging, including but not limited to tumors, hematomas, or intra-

parenchymal hemorrhages, was also excluded.

Neurocognitive Data
Before the start of the season and after the last game of the season,

the subjects were administered a computer-based neurocognitive

assessment using CNS Vital Signs (http://cnsvs.com/). The valid-

ity and reliability of CNS Vital Signs have been previously de-

scribed.10,11 Main outcome measures included standard scores

for the following domains: verbal memory, visual memory, psy-

chomotor speed, cognitive flexibility, complex attention, process-

ing speed, reasoning, reaction time, and executive functioning.

Standard scores are based on a normative dataset that matches

participants by age. Subjects also underwent assessment with

Neuropsychological Assessment Metrics, which contained scores

of physical and verbal aggression, anger, and hostility; aggressive-

ness, the Buss-Perry Aggression Questionnaire; anxiety, the State-

Trait Anxiety Inventory; and impulsivity, the Barratt Impulsive-

ness Scale.12-14

Accelerometer Data
Head impact biomechanics were measured using the Head Im-

pact Telemetry System (Simbex; Lebanon, New Hampshire)

mounted in the helmets, which recorded the incidence, direction,

and severity of head impacts received by the players. The subjects

wore the accelerometer-fitted helmets in all contact practices

and games. Head impacts exceeding 10 g of linear acceleration

were collected via radiofrequency communication to a sideline

unit. Head Impact Telemetry System data were preprocessed

by time-gating practice and game sessions and removing non-

impact artifacts.

Table 1: Demographic information and subconcussive head impact burden for study participantsa

Primary
Position

Age
(yr)

Football
Experience

(yr)
No. of Prior
Concussions

No. of
Impacts

>10 g

Cumulative Sum
of Peak Linear

Accelerations (g)

Cumulative Sum of
Peak Rotational
Accelerations (g)

OL 15 5 0 894 24,564.4 1,810,771.7
DL 15 4 0 875 31,184.3 2,153,609.4
RB 15 10 0 860 28,593.6 1,822,181.9
OL 16 11 0 746 19,564.8 1,239,304.9
LBa 16a 10a 3a 642a 18,424.9a 1,281,591.5a

LB 17 6 0 549 15,968.8 1,119,530.6
TE 16 11 3 533 15,452.3 1,030,314.1
WR 16 6 0 387 13,497.6 903,651
DB 16 7 3 323 8164.3 595,068.9
DB 17 12 1 283 8190.2 592,990.3
DB 17 4 0 209 5733.8 354,013.8
WR 16 7 0 207 5017.5 365,631.7
QB 17 7 0 171 4962.7 278,609.3
QB 16 11 0 155 5634.1 368,306.5
WR 16 6 0 99 2589 147,352.9
WR 15 9 3 78 1845.5 130,116.5
QB 17 7 3 20 363.6 25,190.1

Note:—OL indicates offensive lineman; DL, defensive lineman; RB, running back; LB, linebacker; TE, tight end; WR, wide receiver; DB, defensive back; QB, quarterback.
a Concussed subject.
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MR Imaging
All pre- and postseason MR imaging was performed at the Brain

Imaging and Analysis Center at Duke University Hospital on a 3T

scanner (MR750; GE Healthcare, Milwaukee, Wisconsin) with an

8-channel head coil. Diffusion tensor imaging was acquired using

the following parameters: b-value � 1000 s/mm2, 31 directions,

TR/TE � 10,000/96 ms, FOV � 256 � 256 mm2, matrix size �

128 � 128, section thickness � 2 mm, 71 axial sections with no

interslice gap, resolution � 2 � 2 � 2 mm3. 3D sagittal T1-

weighted spoiled gradient-recalled echo was performed for ana-

tomic reference (TE � 1.9 ms, TI � 400 ms, flip angle � 11°, voxel

size � 0.93 � 0.93 � 1.2 mm3).

Image Preprocessing
Preprocessing was performed with the FMRIB Diffusion Toolbox

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT) to remove eddy cur-

rent distortions and to correct for simple head motion. Eddy cur-

rent distortion was corrected using the FSL software tool, eddy

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy). It simultaneously

models the effects of diffusion eddy currents and subject move-

ments on the image. After preprocessing, all images were visually

inspected for quality assurance.

Fractional anisotropy was chosen as the single DTI metric to

be analyzed in this study for 2 primary reasons: First, FA is the

most commonly studied metric in traumatic brain injury, allow-

ing the results to be considered in the context of other available

data. Second, given the small sample size and large number of

regions studied, FA was chosen as the focus of the study to limit

errors due to multiple comparisons. FA is a scalar value describing

the degree to which diffusion is asymmetric, or anisotropic, and

reflects the presence of underlying ordered microstructure within

the tissue, such intact axons and/or myelin sheaths.15

Fractional anisotropy was calculated for each voxel, and the data

were projected onto a group white matter skeleton using Tract-Based

Spatial Statistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS)16

in the following manner: The subjects in the sample were coregis-

tered using a method that ensured white matter alignment using an

intermediate df and nonlinear registration to a 1 � 1 � 1 mm tem-

plate (FMRIB58_FA; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FMRIB58_

FA). Mean FA images were generated by averaging these normalized

resampled images, and a mean FA skeleton was created in TBSS.

After thresholding the skeleton to exclude low FA values (�0.2), we

projected each subject’s aligned FA image onto the mean FA skeleton.

TBSS Analysis
White matter skeleton difference images of postseason minus pre-

season were created to assess changes in FA across the season

using a 1-sample t test. The difference images were also used to

model the mean-centered, continuous covariate of the number of

impacts across the season. Design matrices were created using the

FSL General Linear Model tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

GLM), and the FSL Randomize tool (http://fsl.fmrib.ox.ac.uk/fsl/

fslwiki/Randomise/UserGuide)17 was used to perform nonparamet-

ric, permutation-based statistical inference with threshold-free clus-

ter enhancement and correction for multiple comparisons.18 These

methods have been described in detail elsewhere.16 T-statistics were

used to determine main or interaction effects with an a priori � of .05

and 5000 conditional Monte Carlo permutations (giving a confi-

dence limit of .05 � .0062 for the P value).

TBSS ROI Analysis
Mean FA values were derived from the WM skeleton for 24 ROIs

using the ENIGMA DTI Protocol (http://enigma.ini.usc.edu/

protocols/dti-protocols/#eDTI) and applying the ICBM-JHU-

Table 2: Parameter estimates from a mixed linear modela

Parameter Mean Change in FA (×103) P Value
(Intercept) �1.372 .339
ACR 5.360 .058
ALIC 1.906 .499
BCC �2.767 .326
CC �1.386 .623
CGC �1.487 .598
CGH 2.145 .447
CR 2.908 .302
CST �2.916 .301
EC 0.985 .727
FXb 6.677 .018
FXSTb �6.268 .027
GCC �1.024 .716
IC �1.028 .715
IFO 2.183 .439
PCR 1.698 .547
PLIC �1.709 .544
PTR �0.666 .813
RLIC �3.181 .259
SCC 0.224 .937
SCR 0.772 .784
SFO �0.132 .963
SLF �0.744 .792
SS �0.229 .935
Impacts �0.00178 .722
Impacts � ACR �0.00194 .841
Impacts � ALIC 0.00005 .996
Impacts � BCC 0.00811 .402
Impacts � CC �0.00330 .733
Impacts � CGC 0.01671 .085
Impacts � CGHb �0.02059 .034
Impacts � CR 0.00312 .747
Impacts � CST 0.00699 .471
Impacts � EC �0.00440 .650
Impacts � FX 0.00951 .326
Impacts � FXSTb �0.02641 .007
Impacts � GCC �0.01075 .267
Impacts � IC 0.00009 .992
Impacts � IFO �0.01002 .301
Impacts � PCR 0.00327 .735
Impacts � PLIC 0.00033 .973
Impacts � PTR 0.01127 .245
Impacts � RLIC �0.00015 .988
Impacts � SCC �0.01306 .178
Impacts � SCR 0.00874 .367
Impacts � SFO 0.01579 .104
Impacts � SLF 0.00970 .317
Impacts � SS �0.00291 .764

Note:—CGH indicates cingulum hippocampus; CGC, cingulate gyrus; ACR, anterior
corona radiata; ALIC, anterior limb of internal capsule; BCC, body of corpus callosum;
CC, corpus callosum; CR, corona radiata; CST, corticospinal tracts; EC, external cap-
sule; FX, fornix; IC, internal capsule; GCC, genu of corpus callosum; IFO, inferior
fronto-occipital faciculus; PCR, posterior corona radiata; PLIC, posterior limb of in-
ternal capsule; PTR, posterior thalamic radiation; RLIC, retrolenticular part of internal
capsule; SCC, splenium of corpus callosum; SCR, superior corona radiata; SFO, superior
fronto-occipital fasciculus; SLF, superior longitudinal fasciculus; SS, sagittal stratum.
a Parameters for region main effects are centered at the mean number of impacts.
b Indicates statistical significance (P � .05).
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DTI-81 whitematter atlas (http://neuro.debian.net/pkgs/fsl-jhu-

dti-whitematter-atlas.html).19 Pre- to postseason differences in

these mean FA values by region were modeled using a mixed

linear model with region, number of impacts, and their interac-

tion as fixed effects and subject as a random effect, as depicted in

the following equation:

Change in FAi � �0 � �1XRegion � �2XImpacts � �3XRegion

� XImpacts � uSubject � e i,

where �0 represents the intercept (mean FA change across all re-

gions at the mean number of impacts); �1 though �3, the coeffi-

cients for region, impact number, and their interaction, respec-

tively; u, a subject-specific random effect; and ei, the residual error

term for an arbitrary measurement i. We chose this model to take

into account the variability in individual subject responses, rec-

ognizing that repeat measurements across regions in the same

subject are likely to be more similar to each other than to mea-

surements from different subjects.20 Parameter estimates for

main effects and interactions in each region were determined,

with corresponding F-tests. Correlation of FA changes with neu-

ropsychological measures was performed for regions showing a

significant interaction. Statistical analyses were performed with

R statistical software (http://www.r-project.org/),21 the statisti-

cal package nlme (https://cran.r-project.org/web/packages/

nlme/index.html),22 SAS 9.3 (SAS Institute, Cary, North Car-

olina), and JMP 11.2.0 (SAS Institute).

RESULTS
Subjects
Our cohort consisted of 17 male athletes with a mean age of

16 � 0.73 years and mean football experience of 7.8 � 2.53

years. Six athletes reported at least 1 previous concussion using

FIG 1. Mean change in FA for each ROI against the frequency of impacts across the season. Ninety-five percent confidence bands are presented
as shadows around the linear regression line. CGH indicates cingulum hippocampus; CGC, cingulate gyrus; ACR, anterior corona radiata; ALIC,
anterior limb of internal capsule; BCC, body of corpus callosum; CC, corpus callosum; CR, corona radiata; CST, corticospinal tract; EC, external
capsule; FX, fornix; IC, internal capsule; GCC, genu of corpus callosum; IFO, inferior fronto-occipital fasciculus; PCR, posterior corona radiata;
PLIC, posterior limb of internal capsule; PTR, posterior thalamic radiation; RLIC, retrolenticular part of internal capsule; SCC, splenium of corpus
callosum; SCR, superior corona radiata; SFO, superior fronto-occipital fasciculus; SLF, superior longitudinal fasciculus; SS, sagittal stratum; UNC,
uncinate fasciculus.
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a standard definition of concussion23; of these 6, five subjects

reported 3 previous concussions and 1 subject had 1 prior con-

cussion. The mean number of impacts sustained across the season

was 414 � 291, with mean cumulative linear and rotational sums

of 12,338 � 9274 g and 836,367 � 635,830 rad/s2, respectively.

Eleven subjects played an offensive primary position, and the rest

played defense primarily. Three subjects were linemen, and the

remainder were skill positions (any other position except punter

or kicker). Subject demographics and subconcussive impact bur-

dens are presented in Table 1, sorted in descending order by the

number of impacts. One subject (data listed by footnote a) was

concussed on day 93 of the study. He underwent MR imaging the

following day, in addition to his postseason scan 39 days after the

injury; data from the concussed subject’s pre- and postseason

scans are included in all group analyses.

TBSS Analysis
No clusters demonstrated a change in FA across the season that

was significantly different from zero, after correcting for multiple

comparisons. Similarly, no clusters demonstrated a linear rela-

tionship between a change in FA across the season and the num-

ber of impacts during the season.

TBSS ROI Analysis
Parameter estimates of fixed effects for region, number of im-

pacts, and their interaction terms are provided in Table 2. For the

overall mean of the regions, there was no significant main effect

across the season or interaction with impacts. The change in FA

for each region is plotted as a function of the number of impacts in

Fig 1. Of the specific regions examined, 2 were observed to have an

interaction with the number of impacts: the cingulum hippocam-

pus and the fornix-stria terminalis (FXST). The parameter esti-

mates for these 2 interactions were both negative, indicating a

negative change in FA with a higher number of impacts. Of these

2 regions, the FXST demonstrated a greater magnitude of inter-

action and a significant main effect, indicating an overall loss of

FA at the mean number of impacts across all players. FA reduction

in the FXST correlated with a decline in the visual memory score

during the season, but not with other available CNS Vital Signs or

Neuropsychological Assessment data. Pre- and postseason visual

memory scores were available in 14 of the 17 players (Fig 2).

Regarding the subject who was concussed during the season, FA in

the FXST demonstrated a 4.7% reduction within 24 hours of the

concussion. The FA value returned to its baseline level at his post-

season follow-up scan (Fig 3).

DISCUSSION
In this pilot study, we used diffusion tensor imaging to examine

the effects of subconcussive head trauma in high school football

athletes during 1 season. We examined multiple white matter

tracts across the brain for changes in FA as a function of the

number of linear impacts exceeding a minimal threshold and

observed decreases in fractional anisotropy with an increasing

number of impacts in 2 tracts, the FXST and the cingulum

hippocampus, both of which are components of the limbic

system. Overall, the observed effects were greatest in the FXST,

where there was also a significant main effect, meaning a fixed

pre- to postseason decline in FA in the FXST, compared with

other regions.

These results suggest that alterations in white matter tracts

within the limbic system may be detectable after only 1 season of

play at the high school level. Comparison of limbic system white

matter changes with the CNS Vital Signs data revealed a correla-

tion between change in FA in the FXST and visual memory; a

reduction in FA corresponded to a worsening of visual memory

scores. This same association of FA alterations in the fornix-hip-

pocampal pathway and declining verbal memory scores has pre-

viously been found in concussed individuals, suggesting that neu-

ral networks involving memory are susceptible to injury and that

these alterations in our subjects might be related to repetitive

neurotrauma.24

The ROI-labeled fornix-stria terminalis (FXST) correlates an-

atomically with the crus of the fornix and stria terminalis, which

cannot be individually resolved on the white matter skeleton. The

fornix is largely implicated in memory formation,25,26 whereas

the stria terminalis parallels the fornix and is believed to be im-

portant in emotional processing, mood, and anxiety.27,28 Aside

from alterations in visual memory, there were no clinical findings

in our study to suggest changes in emotional processing, though it

is possible that the lack of detectable changes may be due to the

subtle, subclinical nature of white matter injury during a limited

period of a single football season.

There are limitations to our study. First, the sample size was

small and did not include a group of nonexposed, age-matched

controls; therefore, it is not possible to control for alterations in

white matter fractional anisotropy related to brain maturation

during the season. Second, data suggest that the reproducibility of

the ENIGMA-DTI protocol (http://enigma.usc.edu/protocols/

dti-protocols/) overall is excellent, though the fornix is a region

where there is a greater degree of variability among imaging stud-

FIG 2. Scatterplot of changes in FXST FA versus change in the visual
memory domain standard score from CNS Vital Signs. The 95% con-
fidence band is presented as a shadow around the linear regression
line.
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ies.29 It is therefore possible that the observed changes in the FXST

are due to type I error in our small sample and are not generaliz-

able; however, despite these factors, the finding remained robust

to correction for multiple comparisons in the context of our

mixed linear model. Nevertheless, we consider this pilot study

exploratory and hypothesis-generating, necessitating confirma-

tion in a larger sample. Third, given the small sample size,

heterogeneity of trauma, and subtle alterations in white matter

FA, type II error is a possibility as well. Perhaps for this reason,

voxelwise analysis, with appropriate corrections for multiple

comparisons, failed to detect relationships found with the ROI

analysis. We believe that using an ROI approach in conjunc-

tion with the Tract-Based Spatial Statistics analysis increased

sensitivity to subtle changes in white matter without relying on

perfect registration, as would be the case in a voxelwise com-

parison. Moreover, the mixed model allowed a more flexible

statistical approach, incorporating a random variable for sub-

ject, recognizing that response to head impacts might differ

across individuals as a function of a variety of genetic, physio-

logic, and/or environmental factors.

It is unclear whether most of the measured changes during

a single football season might be reversible with rest. Our data

in a single subject who sustained a concussion during the sea-

son showed an approximately 5% decrease in FXST FA within

24 hours after the concussion, but these values normalized at

the postseason scan after several weeks of rest. Although anec-

dotal, this evidence confirms the need

in future studies for imaging fol-

low-up after sustained periods of rest

from contact exposure.

CONCLUSIONS
This pilot study revealed subtle de-

creases in fractional anisotropy within

the white matter tracts of the limbic sys-

tem that worsened with an increasing

number of accelerometer-measured im-

pacts during the season. The white mat-

ter changes observed on imaging in the

FXST correlated with declines in visual

memory, but not other neurocognitive

measures. These findings suggest the pos-

sibility of white matter injury due to re-

petitive subclinical impacts while par-

ticipating in a single season of high

school football; however, they will re-

quire validation with appropriately

powered, hypothesis-driven studies

including age-matched controls. Lon-

gitudinal studies spanning multiple

sequential football seasons with a co-

hort of subjects will also be useful to

evaluate the effects of cumulative

trauma, normalization of white matter

alterations after rest, and the presence

of white matter changes too subtle to

manifest in the short period of 1 foot-

ball season.

Disclosures: Michael D. Clark—RELATED: Grant: National Institute of Neurolog-
ical Disorders and Stroke, Comments: grant No. F30NS090816.* *Money paid to
the institution.
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ERRATUM

The authors regret that in the article “White Matter Changes Related to Subconcussive Impact Frequency during a Single Season of

High School Football” (AJNR Am J Neuroradiol 2018;39:245–51; https://doi.org/10.3174/ajnr.A5489), the art and legend for Fig 3

did not match. A corrected figure with the original legend is reproduced below.

http://dx.doi.org/10.3174/ajnr.A5907

FIG 3. Scatterplot of changes in FXST FA for all subjects across the season. Individual player data are connected by solid or dotted lines based
on the median split of the total number of impacts during the season, as depicted in the legend. The concussed subject is plotted with triangles.
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