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Soccer is a sport with known risk for concussion, which 
is commonly attributed to player-to-player collision 

and falls (1). It is also the only sport in which players pur-
posefully use the head to deflect the ball in play, a move 
called “heading.” While heading-related impacts have been 
considered subconcussive, heading is associated with cen-
tral nervous system symptoms in the short term (within 
2 weeks of heading) (2), independent of collisions or rec-
ognized concussion. Moreover, cumulative heading over 
a 1-year period is associated with cognitive dysfunction 
(3,4) as well as microstructural alteration of white matter 
on images from diffusion-tensor imaging (DTI), similar 
to that reported in traumatic axonal injury (3). Long-term 
consequences of repeated exposure to heading is an area of 
concern because repetitive head injury in athletes has been 
associated with cognitive decline and behavioral changes 
attributed to chronic traumatic encephalopathy (5). Un-
derstanding the modifying factors that reduce susceptibil-
ity to brain injury and detecting subclinical pathologic 

changes before overt clinical manifestations of chronic 
traumatic encephalopathy are essential prerequisites to de-
veloping preventive strategies.

Female athletes are at greater risk than male athletes for 
poor outcomes after acute traumatic brain injury, including 
concussion (6–9). Although concussion is more common 
in men owing to their greater participation in high-risk ac-
tivities, women are more likely to have persistent sequelae 
(8–11). Despite this, less research has addressed the effects 
of traumatic brain injury in women. Moreover, the finding 
of worse clinical outcomes in women after concussion has 
been controversial because women may be more likely to 
report symptoms than are men, perhaps due to cultural or 
sociologic pressures that lead men to underreport (12). In 
baseline assessments obtained before a season of play, fe-
male athletes tend to report more concussion-related symp-
toms than do male athletes (13,14). However, women do 
not experience a delayed return to normal activity or miss 
more days of work after concussion compared with men, 
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Purpose: To examine the role of sex in abnormal white matter microstructure after soccer heading as identified by using the diffu-
sion-tensor imaging (DTI) metric fractional anisotropy (FA).

Materials and Methods: In this prospective cross-sectional study, 98 individuals who were enrolled in a larger prospective study 
of amateur soccer players (from 2013 to 2016) were matched 1:1 for age and history of soccer heading in the prior 12 months. 
Among the subjects, 49 men (mean age, 25.7 years; range, 18–50 years) and 49 women (mean age, 25.8 years; range, 18–50 years) 
with median total soccer headings per year of 487 and 469, respectively, underwent 3.0-T DTI. Images were registered to the Johns 
Hopkins University template. A voxelwise linear regression was fitted for FA with terms for the number of headings during the 
previous 12 months and its interaction with sex after controlling for the following potential confounders: age, years of education, 
number of lifetime concussions, and handedness. In the resulting statistical maps, P , .01 indicated a statistically significant differ-
ence, with a threshold cluster size larger than 100 mm3.

Results: Among men, three regions were identified in which greater heading exposure was associated with lower FA; eight such 
regions were identified among women (.100 contiguous voxels, P , .01). In seven of the eight regions identified in women, the 
association between heading and FA was stronger in women than in men. There was no significant difference of heading with FA 
between the sexes for any region in which heading was associated with FA among men (P . .01, ,100 contiguous voxels).

Conclusion: With similar exposure to heading, women exhibit more widespread evidence of microstructural white matter alteration 
than do men, suggesting preliminary support for a biologic divergence of brain response to repetitive trauma.
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Abbreviations
DTI = diffusion-tensor imaging, FA = fractional anisotropy

Summary
Our study provides preliminary support to the notion that women are 
more sensitive to repetitive subconcussive head impacts at the level of 
brain tissue microstructure.

Implications for Patient Care
 n Our findings provide preliminary evidence that, at similar levels of 

exposure to repeated head impacts, women experience excess mi-
crostructural change in white matter compared with men.

 n A focus on sex-based vulnerability to brain injury may inform care 
of injured athletes and enhance guidelines for safe play.

 n Sex-based differences in susceptibility to brain injury may provide 
an opportunity to better understand the biologic underpinnings of 
this difference and identify targets for intervention.

despite reporting more postconcussive symptoms (8). With so 
much subjectivity involved in the reporting of symptoms, there 
is a need for more objective approaches for detecting and char-
acterizing sex-based differences in the manifestations of brain 
injury, including subclinical changes that precede overt clinical 
dysfunction. With a growing population of women participating 
in sports such as soccer (15,16), sex-based differences in vulner-
ability to brain injury merit further study.

Neuroimaging offers an objective means to characterize sub-
clinical variation in brain structure and function. Although DTI 
has been shown to robustly depict traumatic axonal injury ab-
normalities in concussion (17–19) and in subconcussive injury 
(3,20), to our knowledge only one study, which was conducted 
in 69 patients with mild traumatic brain injury, has reported on 
the effect of sex at DTI (21). We tested the hypothesis that DTI, 
an objective means to measure microstructure, would reveal sex-
based differences in the association of repetitive head trauma by 
comparing the microstructural alteration of white matter in the 
brain. The purpose of our study was to characterize the effect of 
biologic sex on the relationship between repetitive heading and 
cerebral white matter microstructure in amateur soccer players.

Materials and Methods

Participants
This prospective study (participant enrollment from 2013 to 
2016) was reviewed and approved by the local institutional 
review board and compliant with the Health Insurance Porta-
bility and Accountability Act. Written informed consent was 
obtained from all participants.

As part of an ongoing longitudinal study of adult amateur 
soccer players, 78 women and 212 men were recruited from am-
ateur and collegiate teams from 2013 to 2016 (2,4,22). Subjects 
were considered to be eligible for inclusion in the source sample 
if they had played soccer at the amateur level for more than 5 
years, were aged 18–55 years, and had been actively playing soc-
cer for at least 6 months per year. Exclusion criteria were pres-
ence of neurologic disorder; presence of mental disorder such 
as schizophrenia, bipolar disorder, or psychosis; illicit drug use 

within the past 30 days; positive urine test for substance abuse; 
and contraindications to MRI.

During a single enrollment visit, participants completed 
online questionnaires to ascertain demographic characteristics; 
handedness (23); exposure to soccer heading; history of concus-
sion (4); medical, neurologic, and psychiatric history; and medi-
cation use. Selection of participants is detailed in Figure 1.

To achieve similar groups for comparison, women and men 
included in this analysis were paired 1:1 on the basis of age 
and the total number of heading events during the previous 12 
months. Specifically, each woman was paired with a man who 
was within 2 years of her age and the closest match with re-
spect to reported 12-month heading exposure. Because of the 
wide range of heading events among our study participants, 
an absolute cutoff for the difference in heading was not used 
to determine pairing. Ultimately, 55 men and 55 women were 
matched according to age and heading exposure. Because of de-
ficient image quality in one or both members of a matched pair, 
six pairs were subsequently excluded, leaving a final cohort of 49 
men (mean age, 25.7 years; range, 18–50 years) and 49 women 
(mean age, 25.8 years; range, 18–50 years) with median total 
soccer heading events per year of 487 and 469, respectively. The 
similarity of the male and female players regarding heading ex-
posure was confirmed by using the Mann-Whitney test as well as 
the median differences and interquartile ranges.

Heading Exposure
The frequency of heading during the previous 12 months was esti-
mated with use of a previously validated structured questionnaire 
(3,4). Briefly, participants were asked about soccer activity, includ-
ing practice and competitive games, in both indoor and outdoor 
settings. Participants were asked how often they headed the ball 
on average during each type of session (practice vs competition) 
and in each setting (indoor vs outdoor), how many times per week 
they participated in each, and how many months per year they 
played soccer. For each individual, the average number of heading 
events in each setting and session type was multiplied by the corre-
sponding number of sessions per week, converted to months, and 
then multiplied by the number of months of play in a year, yield-
ing four separate subtotals (indoor and outdoor settings, practice 
and competitive games). The sum of these subtotals was used as 
the 12-month total heading exposure.

Image Acquisition
Whole-brain MRI was performed at the same study visit de-
scribed earlier by using a 3.0-T MR unit (Achieva TX; Phil-
ips Medical Systems, Best, the Netherlands) and a 32-channel 
head coil (Philips Medical Systems). T1-weighted magnetiza-
tion-prepared rapid acquisition three-dimensional gradient-
echo imaging (9.9/4.6/900 [repetition time msec/echo time 
msec/inversion time msec]; flip angle, 8°; isotropic 1-mm reso-
lution; field of view, 240 3 188 3 220; number of signals ac-
quired, one), T2-weighted fluid-attenuated inversion-recovery 
imaging (11 000/120 [effective]/2800; section thickness, 2 
mm; matrix, 352 3 206; field of view, 240 3 240; number 
of signals acquired, one), and susceptibility-weighted imaging 
(16/23 [repetition time msec/echo time msec]; flip angle, 15°; 
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section thickness, 1 mm; matrix, 268 3 210; field of view, 
240 3 190; number of signals acquired, one) were performed. 
In addition, DTI was performed with two-dimensional single-
shot echo-planar imaging (repetition time, 10 seconds; echo 
time, 65 msec; flip angle, 90°; section thickness, 2 mm; ma-
trix, 128 3 116; field of view, 256 3 232; 32 diffusion direc-
tions; b value, 800 sec/mm2). An auxiliary three-dimensional 
B0 field map was obtained by using a dual-echo, gradient-echo 
technique (20/2.4; difference in echo times, 2.3 msec; isotro-
pic resolution, 4 mm3; flip angle, 20°) to correct echo-planar 
imaging distortions on DTI images and small distortions in 
T1-weighted images. Trained raters (T.G.R. and N.L., with 2 
years of experience) viewed all images, and images that were 
degraded by artifact were excluded from the analyses.

A board-certified neuroradiologist with 20 years of experi-
ence (M.L.L.) reviewed all images to detect structural abnor-
malities, including evidence of prior trauma. Images for each 
participant were reviewed at the time the respective MR image 
was obtained. To preserve participant anonymity, the reviewing 
neuroradiologist was blinded to all participant details because 
images were completely anonymized. As a result, the reviewing 
radiologist was also blinded to sex and heading exposure. No 
abnormal findings were noted.

Data Analysis

Demographic and exposure characteristics.—Data analy-
sis was performed by T.G.R. (a graduate student with 2 years 
of experience) under the supervision of R.F. (an MR physicist 
with 15 years of experience) and M.L.L. Demographic and ex-
posure characteristics were compared according to sex by using 

Figure 1: Flowchart shows selection of amateur soccer players included in analysis. With exclusion of participants who did not meet image 
quality standards, the paired participant was also removed, resulting in removal of six pairs (n = 12) from the analysis.

the Fisher exact, Mann-Whitney, and Student t tests. Analyses 
were performed by using software (SPSS Statistics for Mac OS, 
version 24.0; IBM, Armonk, NY).

Image processing.—Image processing was performed by us-
ing a high-performance computing system running a Com-
munity Enterprise Operating System, or CentOS, Linux dis-
tribution. The FSL software package (FSL v2.0.18, https://fsl.
fmrib.ox.ac.uk/) (24) was used to perform correction for head 
motion and eddy current effects and to fit diffusion parame-
ter images (fractional anisotropy [FA], radial diffusivity, mean 
diffusivity, and axial diffusivity) to a tensor model at each 
voxel. Diffusion parameter images were coregistered to the 
Johns Hopkins University brain template by using a multi-
step procedure that incorporates field map–based echo-planar 
imaging distortion correction as well as linear, within-partic-
ipant, and nonlinear, across-participant, transformations, as 
described previously (25,26). Analysis was restricted to vox-
els within the white matter as defined by the Johns Hopkins 
University atlas (27).

Image quality and the results of each processing step were 
critically assessed by trained research personnel, under the su-
pervision of M.L.L., with use of a standardized approach. Brain 
extraction or registration errors were corrected manually where 
possible. In the event of irreparable errors, pairs were excluded 
from analysis. Six matched participant pairs were excluded from 
the analysis because of imaging artifact or registration error.

Statistical Analysis
Imaging analysis was performed by T.G.R. in consultation 
with R.F., M.K., and M.L.L. Whole-brain voxelwise analysis 
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of white matter FA was performed by 
using the Automatic Registration Tool-
box (28,29) VANCOVA module to fit 
a linear regression for FA, with terms 
for the number of soccer headings and 
its interaction with sex after controlling 
for the following potential confound-
ers: age, years of education, number of 
lifetime concussions, and handedness 
(laterality quotient). The interaction 
term was used to test for the influence 
of sex on the relationship between the 
number of headings and FA. For a more 
detailed description of the statistical 
model used, see Appendix E1 (online).

The model was applied separately in 
the same manner for the DTI parameters 
radial diffusivity, mean diffusivity, and 
axial diffusivity. To mitigate the possibility of a type I error, we 
only considered clusters comprising more than 100 contigu-
ous voxels, within which each voxel met a cutoff of P , .01 
(3,26,30). The volume of each cluster was computed and its 
anatomic location verified by M.L.L.

To assess the possibility that our results may have been driven 
by a small number of participants with the largest number of 
heading events, we conducted a series of sensitivity analyses in 
which the same statistical models were refit after sequentially 
eliminating the five pairs of participants with the most heading 
exposure. This resulted in sample sizes of 88–96 participants.  
In the group of 98 participants, the number of headers reported 
ranged from 0 to 6604. For the group with 88 subjects, the 
greatest number of heading events over the previous 12 months 
was 2611.

Results

Participant Characteristics and Heading Exposure
Enrolled men and women did not differ significantly by age 
(P = .97) or 12-month heading exposure (P = .80), the two 
criteria used for matching (Table 1). The median number  
of heading events per year was 487 (interquartile range, 
221–1103) for men and 469 (interquartile range, 261–1008) 
for women. The median difference in the 12-month head-
ing frequency between the matched pairs (men-women) 
was 10 headers (interquartile range, 248 to 61). We found 
no significant difference between men and women with re-
spect to the age when soccer play started (P = .62), num-
ber of years of soccer play (P = .83), or number of years of 
play at a similar frequency (P = .33) (Table 1). Participants 
also did not differ significantly with regard to years of ed-
ucation or handedness (P = .23 and P = .20, respectively), 
but women reported more prior concussions compared 
with men (P = .03). The number of lifetime concussions  
and the total number of headings in the past 12 months did 
not show a correlation (Pearson r = 20.069, P = .50). No 
visible abnormalities were identified during neuroradiologic 
review of images for any of the participants.

Heading Exposure and FA 
We independently assessed men and women to determine if 
there was an association between white matter FA and soccer 
heading. Among men, three regions were identified in which 
a greater number of heading events was significantly associ-
ated with lower FA (P , .01 across .100 contiguous voxels), 
including the genu and splenium of the corpus callosum and 
the pons (Fig 2, A). In men, we identified only one location, 
the left temporal white matter, in which a greater exposure to 
heading was associated with significantly higher FA (P , .01 
across .100 contiguous voxels) (Fig 2, A). In women, we iden-
tified eight regions in which greater heading exposure showed 
a significant association with lower FA (P , .01 across .100 
contiguous voxels), including the genu of the corpus callosum; 
left occipital, right parietal, and right orbitofrontal white matter; 
left superior longitudinal fasciculus; right cingulum; and right 
cerebral peduncle (Fig 2, B). Greater heading exposure among 
women showed a significant association with higher FA (P , 
.01 across .100 contiguous voxels) at a single location in the left 
frontal white matter (Fig 2, B). Overall, an association between 
greater heading exposure and FA was detected across 2121 mm3 
of white matter in women, compared with 408 mm3 in men. 
The size, location, and significance (peak t value) for each abnor-
mal region are presented in Table 2.

We next identified locations where the relationship between 
heading and FA was different between men and women (Fig 2, C). 
In eight regions (green in Figs 2, C, E3 [online]), women showed 
a relationship between greater heading exposure and lower FA 
that was significantly different from that of men (P , .01 across 
.100 contiguous voxels); seven of these regions overlapped with 
the locations found when women alone were analyzed (Fig 2, 
B). Conversely, only four locations were identified in which men 
demonstrated a relationship between greater heading exposure 
and lower FA that was significantly different from that of women 
(P , .01 across .100 contiguous voxels) (light blue in Figs 2, C, 
E3 [online]). However, none of these four locations overlapped 
with the three regions in which greater heading exposure was 
significantly associated with lower FA when men were analyzed 
alone (Fig 2, A). This suggests that, in the three regions where 

Table 1: Baseline Participant Characteristics according to Sex

Parameter Men* Women* P Value
Age (y) 22 (20–28) 22 (20–28) .97
Education (y) 16 (14–16) 16 (15–17) .23
12-month heading frequency 487 (221–1103) 469 (261–1008) .80
Age at start of soccer play (y) 9.0 8.5 .62
Years of soccer play 16.4 16.7 .83
Years of soccer play at similar frequency 10.7 12.0 .33
Lifetime concussions 0 (0–1) 1 (0–2) .03
Handedness (laterality quotient) 0.9 (0.8–1) 1 (0.8–1) .20

Note.—Comparisons of age, years of education, total number of soccer headings in 
the past year, number of lifetime concussions, and handedness were made by using the 
Mann-Whitney test. Comparisons of age at which participants began playing soccer, 
number of years playing soccer, and number of years played at a similar frequency were 
made with the Student t test.
* Data are means, with interquartile range in parentheses.
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higher burden of microstructural consequences in female headers. 
Previous reports of higher corpus callosum FA in women com-
pared with men (31) served to strengthen our finding, because we 
identified lower corpus callosum FA associated with heading in 
women. Perhaps men and women head the ball differently, giv-
ing rise to different patterns of white matter changes. Under this 
hypothesis, we might have expected that men and women would 
each exhibit distinct areas of low FA. In fact, we found effects in 
female players that diverged from those in male players (co-located 
in sex-independent analysis and interaction) but did not identify 
any significant association of FA with heading in male players that 
was significantly different from that of female players. This sug-
gests that women may be more sensitive than men to the effects of 
heading at the level of tissue microstructure. Our findings add to 
a growing body of evidence that men and women express distinct 
biologic responses to brain injury (7,21,32–34).

FA was the most prevalent indicator of microstructural al-
teration. Although we also observed changes in radial diffusiv-
ity, mean diffusivity, and axial diffusivity, FA accounted for the 
greatest volume of tissue associated with soccer heading. In ad-
dition, we observed a statistically significant sex difference in 
the relationship between heading and FA. Notably, at almost 
all locations where sex-based differences in the association be-
tween heading and FA were detected, a greater heading exposure 
was associated with lower FA, which has been widely reported 
as a hallmark of traumatic axonal injury (18,35). In addition, 
we did not find significant sex-based divergence where greater 
heading exposure was associated with higher FA. This finding 
extends previous evidence of diffusion abnormalities associated 
with concussion, which has almost exclusively focused on single, 
recognized injuries. The effect of ongoing repeated impacts to 
the head may be more complex.

One consideration in the interpretation of our results was 
whether the findings might have been driven by participants 
with the greatest heading exposure. To test this hypothesis, we 
performed identical analyses in a series of subgroups derived 
from our sample. For each sequential subgroup, we removed 
from the previous subgroup the participant pair (male-female) 
with the highest heading exposure. For each subgroup, more 

men showed the strongest association between greater head-
ing exposure and lower FA, women also showed similar trends 
(Fig E1 [online]), whereas in most of the regions where women 
showed the strongest associations between heading and lower 
FA, the results in men were weaker or in the opposite direction 
(Fig E2 [online]). For more information on the relationship of 
heading with FA at each of these locations, the average FA value 
at each location was plotted against heading for each individual 
(Figs E1–E3 [online]).

Results of sequential subgroup analyses examining the effect 
of participants who reported the highest heading exposure on 
overall results are presented in Figure E4 (online). At each se-
quential analysis, women maintained a greater number and vol-
ume of regions with a significant association of heading with 
lower FA (P , .01 across .100 contiguous voxels).

Heading Exposure and Other DTI Parameters
Heading was associated with changes in radial diffusivity, mean 
diffusivity, and axial diffusivity in both men and women. The 
total volume of regions where heading was associated with 
changes in DTI parameters for each analysis is shown in Fig-
ure 3. We detected moderate associations between radial dif-
fusivity and mean diffusivity with heading, but neither differed 
greatly by sex. Greater heading exposure was associated with 
lower white matter axial diffusivity over a greater volume in 
men (1377 mm3) than in women (501 mm3). Figure 3, B–E, 
depicts each individual region identified in each group analysis; 
note that the points in these plots represent individual regions 
detected in the group analyses, not individual participants.

Discussion
This study provides preliminary evidence regarding the influence 
of sex on the association of heading with differences in brain mi-
crostructure in soccer players, a finding that, to our knowledge, 
has not been previously established in the literature. We iden-
tified a sex difference in the effects of heading on white matter 
microstructure; similar levels of heading affected women more 
than men. The fivefold greater volume of affected white matter 
that we identified in women compared with men pointed to a 

Figure 2: A, B, Three-dimensional semitransparent images of the Johns Hopkins University template brain oriented facing the right hemisphere 
in, A, male, and, B, female soccer players demonstrate that lower fractional anisotropy (FA) is associated with heading more extensively in women 
than in men. Fewer regions of significant association of FA with heading are detected in men than in women. C, Image shows that significant dif-
ferences in association of heading and FA between men and women are predominantly co-located with areas where women, but not men, show 
significant association of heading and FA.
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and larger regions in which greater heading exposure was associ-
ated with lower FA were seen in women compared with men. 
Moreover, for subgroups in which we excluded three or more 
pairs, men no longer exhibited any locations where a higher ex-
posure to heading was associated with lower FA; women did. 
Furthermore, men in these groups showed an increasing associa-
tion between greater heading exposure and higher FA as more  
high-exposure participants were excluded, but women did not 
exhibit this trend. These results indicate that the divergent re-
sponse according to sex that we reported is a general characteristic 

of the players and strongly refutes the possibility that our finding 
was an artifact due to the inclusion of players with the highest 
heading exposure.

Higher FA has been reported less frequently in patients with 
concussion and has not been reported in association with expo-
sure to soccer heading. Previous studies have attributed higher 
FA to cytotoxic edema and astrogliosis, predominantly in the 
setting of acute injury (8,36,37). FA also increases in response 
to motor training of healthy adults, which suggests that it may 
be a manifestation of neuroplasticity (38). In addition, higher 

Table 2: Size, Location, and Peak t Values for Each Abnormal Region

Finding and Location Men Women

Increased Heading Exposure and  
Decreased FA

Greater in Women vs 
Men

Greater in Men vs 
Women

Increased heading exposure  
  and decreased FA
 Genu of corpus callosum 156 (2100.6, 155.6,  

 86.7) [24.5]
601 (291.0, 151.6,  
 75.1) [25.0]

535 (293.7, 151.5,  
 74.2) [24.0]

…

 R splenium of corpus callosum 146 (266.6, 76.6,  
 91.3) [24.5]

… ... …

 L pons 106 (298.0, 94.4,  
 43.0) [23.9]

… ... …

 L occipital white matter … 380 (2121.3, 54.6,  
 95.8) [24.7]

... …

 R orbitofrontal white matter … 335 (270.4, 153.8,  
  64.6) [24.5];  

114 (276.5, 180.2,  
66.4) [23.6]

520 (269.9, 155.8,  
 65.9) [24.3]

…

 R parietal white matter … 238 (259.7, 64.8,  
 99.9) [23.9]

135 (259.7, 61.3,  
 98.9) [24.0]

…

 L superior longitudinal fasciculus … 169 (2120.9, 68.7,  
 93.8) [23.6]

167 (2121.1, 64.4,  
 94.5) [23.6]

…

 R cingulum … 162 (282.0, 98.6,  
 103.9) [24.0]

231 (282.0, 97.6,  
 104.7) [24.4]

…

 R cerebral peduncle … 122 (277.5, 102.2,  
 58.3) [23.8]

145 (278.9, 103.3,  
 55.9) [23.7]

…

 L frontal white matter … … 172 (2137.0, 134.8,  
 81.3) [24.2]

…

 R frontal white matter … … 127 (270.2, 173.8,  
 71.3) [23.6]

…

Increased heading exposure and  
  increased FA
 L temporal white matter 120 (2140.7, 98.0,  

 51.6) [4.1]
… … …

 L frontal white matter … 176 (2119.5, 163.3,  
 79.9) [4.2]

… 135 (2120.0, 161.6,  
 80.6) [3.7]

 L parietal white matter … … … 147 (2128.6, 56.1,  
 94.5) [4.0]

 R frontal white matter … … … 116 (252.5, 115.2,  
 112.3) [4.3]

 R parietal white matter … … … 110 (273.1,  
 74.6, 129.1) [4.0]

Note.—Data are volumes (in cubic millimeters), with locations (X, Y, Z coordinates) in parentheses and peak t values in brackets. FA = 
fractional anisotropy, L = left, R = right.
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Figure 3: Volume of regions where heading was associated with changes at diffusion-tensor imaging. AD = axial dif-
fusivity, FA = fractional anisotropy, MD = mean diffusivity, RD = radial diffusivity, DMen-Women = difference between 
men and women. A, Graph shows total volume of all regions where imaging parameter (fractional anisotropy, radial 
diffusivity, axial diffusivity, mean diffusivity) demonstrates significant association with heading. Positive volumes cor-
respond to positive association of parameter with heading, and negative volumes correspond to negative association 
of parameter with heading. B–E, Graphs show volume of individual regions where each parameter is associated with 
heading. Each point in plots represents volume of individual region (see Fig 1) found in group analysis, not individual 
participant. Values depicted in B–E were summed to generate graph in A. 

FA was recently reported as a predictor of better long-term out-
come after recognized concussion, suggesting it may be indica-
tive of compensatory change (39). In our study, participants 
had been exposed to years of repetitive subconcussive heading 
and, in some cases, periodic impacts of greater severity (ie, rec-
ognized concussion). Thus, the low FA that we detected may 
be indicative of chronic traumatic axonal injury, whereas the 
areas of high FA could reflect more recent injury, a neuroplastic 
response to injury or athletic training, or perhaps be a manifes-
tation of chronic neuroinflammation due to repetitive impacts 

to the head. Future studies should specifically measure activity 
and fitness levels to investigate these possibilities.

Notwithstanding the previously described investigation of 
the effect of the participants with highest heading exposure on 
our overall results, it is important to note that the participants 
excluded in the subgroup analyses were in fact not outliers with 
respect to heading exposure. Players enrolled in the larger study 
from which our sex-matched sample was derived exhibited a 
wide range of heading exposure over a 12-month period (mean 
= 1384 events, median = 611 events, range = 0–12 322 events). 
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It is thus possible that registration errors could have led to com-
parison of gray matter voxels from some participants, potentially 
leading to spurious results. This limitation, which is generally 
not acknowledged in reports of quantitative image analysis, is an 
inherent feature of any template-based analysis but is likely to 
be minimized by averaging registration errors across participants 
(26). Notwithstanding this potential limitation, we performed a 
secondary analysis, excluding all regions proximate to the gray 
matter–white matter junction, and found no change in the pat-
tern of sex-based divergence.

Although our cross-sectional finding represents a subclini-
cal effect on brain tissue, such a finding remains paramount. 
As with chronic traumatic encephalopathy and environmental 
exposures in general, subclinical abnormalities develop before 
the onset of clinically overt functional effects. Identification of 
risk factors for cumulative injury, such as sex, before the onset 
of overt dysfunction represents the best opportunity to mitigate 
progression and maximize recovery, or at least ensure that injury 
remains subclinical.

The sex-based differences we identified underscore the need 
for studying the effects of soccer heading in both sexes to better 
characterize sex-specific profiles. Our study provides preliminary 
support that women are more sensitive to repetitive subconcus-
sive head impacts at the level of brain tissue microstructure. 
Further investigation is warranted to confirm and further char-
acterize sex differences in vulnerability to brain injury due to 
heading, with the hope of developing sex-specific guidelines for 
safer soccer play.
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