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Abstract

Sports-related concussion is a serious health challenge, and females are at higher risk of sustaining
a sports-related concussion compared to males. Although there are many studies that investigate
outcomes following concussion, females remain an understudied population, despite representing
a large proportion of the organized sports community. In this review, we provide a summary of
studies that investigate sex-related differences in outcome following sports-related concussion.
Moreover, we provide an introduction to the methods used to study sex-related differences after
sports-related concussion, including common clinical and cognitive measures, neuroimaging
techniques, as well as biomarkers. A literature search inclusive of articles published to March
2020 was performed using PubMed. The studies were reviewed and discussed with regard to the
methods used. Findings from these studies remain mixed with regard to the effect of sex on
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clinical symptoms, concussion-related alterations in brain structure and function, and recovery
trajectories. Nonetheless, there is initial evidence to suggest that sex-related differences following
concussion are important to consider in efforts to develop objective biomarkers for the diagnosis
and prognosis of concussion. Additional studies on this topic are, however, clearly needed to
improve our understanding of sex-related differences following concussion, as well as to
understand their neurobiological underpinnings. Such studies will help pave the way toward more
personalized clinical management and treatment of sports-related concussion.
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Introduction

Sports-related concussion is common, with a 20% risk each year for an individual contact-
sport athlete.: Common symptoms associated with sports-related concussion include
transient impairments in cognition, behavior, and neurological function.23 The
pathophysiology that gives rise to symptoms following a concussion is not fully understood,
although there is evidence that brain tissue shearing leads to alterations in membrane
permeability, metabolism, neurotransmitter levels, and blood flow.*

Females are at higher risk of sustaining a sports-related concussion.® Coincidently, girls and
women are involved in the National Collegiate Athletic Association more than ever before.
Currently, approximately 43% (~210,000) of all collegiate level-athletes are female.®
However, notwithstanding this large number of female athletes, they remain understudied in
sports-related concussion.” Moreover, despite the higher risk of females of sustaining a
concussion in comparison to males,8-10 studies including both female and male athletes to
examine sex-related differences following concussion are sparse.811-36

Findings from the available literature indicate that females have prolonged recovery
trajectories and worse outcomes following concussion compared to males.
12,14-18,21,24-30,36-45 Thjs evidence comes primarily from studies that have utilized
subjective symptom reporting, neurological evaluations, and/or computerized neurocognitive
test performance, i.e., approaches that offer indirect insight into the brain (see Table 1 for a
description of commonly used assessment tools). The availability of modern neuroimaging
techniques, such as diffusion magnetic resonance imaging (dAMRI) and magnetic resonance
spectroscopy (MRS), however, now makes it possible to detect and measure objectively even
subtle brain alterations following concussion (for a review, see Ref. 46; see also Fig 1 and
Table 2 for more information regarding advanced neuroimaging techniques used in the study
of sex-specific differences following concussion).

The purpose of this review is to provide an overview of findings from studies that focus on
sex-related differences following concussion in athletes, and to elucidate possible risk
factors for prolonged trajectories of recovery and worse outcome.
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In what follows, we first provide a brief description of the clinical presentation of sports-
related concussion. This is then followed by a review of articles that examine sex-related
differences following sports-related concussion where we first summarize studies that did
not find any sex-related differences (Table 3), followed by a summary of studies that report
sex-related differences (Table 4). We then give an overview of the few studies that used
neuroimaging (Table 5) or fluid biomarkers in the study of the effect of sex following sports-
related concussion.

Description of Sports-Related Concussion

The definition of concussion varies (e.g., see discussions in Sharp and Jenkins#’ and Quarrie
and Murphy“8). Concussion is a clinical diagnosis assigned to “a transient syndrome that is
characterized by an alteration in brain function occurring immediately following an impact
to the head.”# Altered brain function may include a period of decreased or lost
consciousness, or a loss of memory related to the trauma, known as post-traumatic amnesia.
The symptoms of concussion can also vary and include headache, nausea, vomiting,
impaired balance, muscle weakness, vision changes, and aphasia, as well as alterations in
mental state and mood, such as confusion, disorientation, slowed thinking, decreased
attention, memory problems, anxiety, irritability, and depression (e.g., Refs. 50, 51-53).
Most of these symptoms resolve within a short period of time (days to weeks), but some
sequelae of brain injury—typically a symptom-complex, including affective, cognitive,
sleep, and somatic features—may persist for months or even years.54-59 This complex of
symptoms is referred to as postconcussion syndrome (PCS), which occurs in approximately
15-30% of individuals who sustain a concussion.>8:60

Biological Sex- and Gender-Related Differences

The terms “sex” and “gender” are used inconsistently in research studies on sports-related
concussion.81 These two terms are not, however, synonymous. “Sex” is determined by an
individual’s biology, based on chromosomes, gonads, and sex hormone levels.62:63
Biological sex can be categorized into female, male, and intersex.52 The term gender, on the
other hand, refers to socially assigned behaviors, roles, attributes, and identities of men and
women and boys and girls.52:63 Given these definitions, the term “biological sex-related
differences” should be used when describing biological differences between females and
males, while the term “gender-related differences” should be used to emphasize behavioral
or social differences between men and women.

In this review article, we provide an overview of the existing literature on biological sex- and
gender-related differences after sports-related concussion. Wherever possible, we aim to use
the terms “biological sex” and “gender” appropriately according to the definitions provided.
However, it is important to note that most studies published to date did not explicitly
distinguish between differences related to biological sex versus differences related to gender.
Further, not all studies reported how information on participant sex and/or gender was
obtained. Thus, most of the sex-related differences reported in the studies summarized below
likely represent a combination of differences due to biological sex and gender. In this review,
we refer to biological sex- and gender-related differences as sex-related differences.
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Studies Investigating Differences Between Female and Male Athletes

Following Sports-Related Concussion

In this section, we present: (1) clinical and cognitive studies with no findings of sex-related
differences (Table 3), (2) clinical and cognitive studies with findings of sex-related
differences (Table 4), and (3) neuroimaging and fluid biomarker studies investigating sex-
related differences following concussion (Table 5).

We used PUBMED with the following keywords to identify relevant articles: concussion or
mild traumatic brain injury (TBI), sports, gender difference or sex difference, and
assessment. The following script was used: (assessment) AND (((concussion) OR mild
traumatic brain injury)) AND sports AND ((sex difference) OR gender difference). The
dates for the articles selected were inclusive to March 2020. Studies were selected if: (a) it
was clear that the majority of subjects had sustained at least one sports-related concussion;
(b) both females and males were included; and (c) sex-related outcome measures were
evaluated. We did not include case studies, review articles, articles that focused on animal
models, or articles that focused on repetitive head trauma resulting from head banging,
epilepsy, or physical abuse.

Studies Reporting No Sex-Related Differences

Table 3 lists the six studies that did not find a significant difference in clinical or cognitive
outcome measures between females and males postconcussion. We summarize these studies
below.

Studies Using ImMPACT Testing Battery

A study by Brooks et al3! examined a cohort of 615 youth ice hockey players between the
ages of 13 and 18 years with and without a history of a concussion. Participants completed
the ImPACT testing battery and a graded symptom checklist to investigate the effect of
concussion history and sex. The authors reported no significant differences in IMPACT
composite scores between females and males with a history of concussion, indicating that in
this cohort of adolescent athletes, concussion did not differentially affect neurocognitive
abilities between the sexes. The authors furthermore reported no significant difference in
total symptom ratings between males and females, noting, however, that females had higher
ratings on average, and that their analyses may have been statistically underpowered to
detect this difference.

In a more recent study, Brooks et al®* used the INPACT battery to examine cognitive
function and symptom burden in 9,314 youth soccer players; players were divided into four
groups based on having a history of no prior concussion, one prior concussion, two prior
concussions, or three plus prior concussions. The authors found no sex by number of
concussion interactions when examining IMPACT cognitive scores or total symptom ratings,
indicating that the effects of concussion history on cognitive test performance and symptom
severity did not significantly differ between females and males.

J Neuroimaging. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Koerte et al.

Page 5

Finally, a study by Zuckerman and colleagues investigated sex-related differences in
neurocognitive functioning before and after concussion.3® Eighty high school athletes (40
females and 40 males) completed the IMPACT battery before the start of the season, as well
as approximately 1 week postconcussion (7.2 days postconcussion on average for females
and 5.4 days postconcussion on average for males). No sex-related differences in baseline or
postconcussion cognitive scores were reported.

Studies Using Other Outcome Measures

Kontos and colleagues3? prospectively investigated the relationship between depression
(using the Beck Depression Inventory-I1), neurocognitive performance, and symptoms
among 75 athletes who sustained a concussion. They reported that recovery patterns for
symptoms and neurocognitive performance were similar between the sexes. Males and
females reported similar levels of depression-specific symptoms after concussion. These
findings seem to suggest that postinjury recovery trajectories are similar among females and
males.

Black et al® investigated the incidence of concussion, symptom resolution, and
neurocognitive function resolution among 791 athletes with a mean age of 19.3 years. A
higher prevalence of concussions was found among females (7= 42/75 concussed athletes in
the study), but no sex-related differences in neurocognitive deficits or symptom resolution
were reported following concussion. Consistent with a prior research,®® neurocognitive
recovery took longer than symptom resolution (median = 11 days) among all participants,
but the time required for recovery was not different between females and males.

Finally, another study by Zuckerman and colleagues®® assessed 1,507 concussed collegiate
athletes and identified 70 males and 42 females with persistent postconcussive symptoms
(defined as symptoms lasting longer than 4 weeks). Recurrent concussion and the emergence
of specific symptoms following concussion (retrograde amnesia, difficulty concentrating,
insomnia, and sensitivity to light) were associated with the development of persistent PCS.
Sex, however, was not associated with the incidence of persistent PCS.

In summary, studies examining athletes across diverse age ranges did not identify significant
differences between females and males following concussion with respect to IMPACT test
performance, total symptom scores, time to neurocognitive recovery or symptom resolution,
or incidence of persistent PCS. Females did, however, tend to endorse greater overall
symptoms and depression symptoms, and tend to exhibit an increased time to general
symptom resolution, compared to males, though these trends were not statistically
significant.

Studies Reporting Sex-Related Differences

While the studies reviewed above failed to identify sex-related differences in symptom
presentation or recovery postconcussion, the majority of studies (/7= 25) have indeed found
that sex and gender influence diverse outcome measures following a sports-related
concussion. Table 4 provides an overview of these studies, which are summarized below.
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Symptom Burden

Berz and colleagues!3 examined 37 athletes aged 9-17 years who completed the PCSS
during both initial and follow-up assessments. Females showed higher symptom scores at
the time of initial assessment compared with males. A study by Merritt and Arnett2>
investigated collegiate athletes who were tested preinjury and within days after concussion.
Subjects completed the PCSS and ImPACT along with a set of several neuropsychological
tests. Female athletes reported more symptoms than males. Specifically, sex predicted
postconcussion symptom scores, while other demographic characteristics did not. Ono et
al?8 investigated elementary, middle, and high school athletes who were tested at baseline
and within 1 week of injury. Similarly to the previous study, females showed a higher
number of symptoms at baseline and throughout the recovery process, particularly emotional
and somatic symptoms. Further, in a study by Preiss-Farzanegan et al2° females
demonstrated higher risk for certain symptoms, including headache, dizziness, fatigue,
irritability, and concentration problems, compared with males. Interestingly, adult (but not
minor) female athletes were at increased risk for postconcussive symptoms (more than 3
months) compared to males. Importantly, the increased risk could not be explained by
characteristics of the sports or other confounders suggesting an age by sex interaction in the
risk of developing PCS. Frommer et al?2 examined symptom reports collected from high
school athletes’ coaches and clinicians over a 2-year period. While no sex-related
differences were found in the number of postconcussive symptoms reported, symptom
clusters differed, with males reporting more cognitive symptoms than females, and females
reporting more somatic and neurobehavioral symptoms than males. Mihalik et al2% evaluated
296 young athletes (mean age 16.7 years) following a concussion, with a specific focus on
postconcussion migraine. Subjects were divided into three groups based on symptom report
on the first day postinjury. Subjects in the migraine group (7= 52) reported headache,
nausea, and either phonophobia or photophobia. Athletes in the headache group (/7= 176)
reported headache but no migraine-like symptoms, and the remaining subjects reported no
headache (n7=68). Athletes suffering from migraine-like symptoms following concussion
took longer to recover than those with post-traumatic headache and those not reporting
headache following injury. Female athletes were 2.13 times more likely to report
posttraumatic migraine compared with males. Of note, the prevalence of migraine in the
general population is known to be higher in women (9.7%) compared to men (6%).5” A
similar difference in prevalence has also been observed in a large cohort of children and
adolescents (girls: 10.5%, boys: 7.6%).58 Nonetheless, the reported difference in prevalence
following concussion is larger than that observed in the general population, suggesting an
increased vulnerability for migraine development following concussion in girls and women.

In summary, studies reported higher symptom scores acutely and an increased risk for
postconcussive symptoms 3 months postinjury in female athletes following sports-related
concussion. Further, females endorsed different symptom patterns compared to males.
Females seem to be particularly vulnerable to the development of postconcussion migraine.

Cognitive Function

Sandel et al®9 extracted data from the medical records of 224 soccer and lacrosse players
from the IMPACT Applications Inc. database, and examined metrics from baseline (i.e.,
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preinjury) and within 3 days postinjury testing. At baseline, there were no differences
between males and females. However, following concussion, females performed worse on
all ImPACT composite scores and reported more symptoms compared with males. Also
using the IMPACT battery, Covassin et al20 found that males reported significantly higher
vomiting and sadness symptom scores, while females performed worse on visual memory
tasks following concussion. In another study by Covassin et al,18 150 high school and 72
collegiate athletes completed the ImPACT testing preinjury as well as on day 2, 7, and 14
following concussion. Females reported more symptoms and performed worse on visual
memory following concussion as compared to males. A more recent study by Covassin et
all” replicated this visual memory finding. In this study of high school and collegiate soccer
players, females reported a significantly higher number of postconcussive symptoms and
exhibited worse visual memory performance compared to males 8 days after concussion.
Analyzing 2,140 male and 856 female collegiate athletes enrolled in the CARE study
(Concussion Assessment, Research, and Education), O’Connor et al’0 reported small but
significant sex-related differences on the visual memory task scale from ImPACT, with
males performing better, echoing results from Brooks et al and Covassin et al reported
above. Males were significantly more likely to report zero symptoms on the SCAT or
BSI-18. A study by Colvin et al'® evaluated 141 female and 93 male soccer athletes at a
median of 9 days postconcussion. Female athletes reported a significantly higher number of
symptoms than male athletes following concussion. Moreover, females exhibited
significantly slower composite reaction times on neurocognitive tests compared to males.
Finally, Broshek et al'# examined a cohort of 94 male and 37 female high school and
collegiate athletes. The computer-based Concussion Resolution Index (CRI) was
administered at baseline and during multiple postinjury evaluations. Females reported a
significantly higher number of concussion symptoms than males. In addition, females
showed significantly greater deviations from baseline cognitive performance, although they
were evaluated a mean of 24 hours later than males, which would have given them more
time to recover. Furthermore, compared to males, females were 1.5 times more likely to be
cognitively impaired following concussion; after adjusting for wearing protective headgear,
females were more than twice as likely to be cognitively impaired following concussion. A
study by Léveillé et al”* included a small sample size and found that male concussed
athletes performed more poorly when identifying negative emotions in an emation
recognition task compared to male controls and female concussed athletes, while female
concussed athletes and female controls did not perform significantly differently. Sicard et
al”2 focused on potential long-term effects of concussion, examining 98 male and 98 female
asymptomatic athletes who were at least 6 months postinjury. Female athletes responded
significantly more slowly on a 2-back task than male athletes. They did not report any sex-
related differences in accuracy on the 2-back task, or on tests of processing speed or
attention.

In summary, in addition to underscoring findings of greater symptom burden, studies found
worse cognitive functioning (i.e., visual memory, reaction time, and emotion cognition) in
females compared to males following sports-related concussion.
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Trajectory of Recovery

A study by Zuckerman et al3% examined 122 male and 122 female athletes at middle school,
high school, and collegiate levels using the IMPACT battery at baseline and postconcussion.
Female athletes reported more postconcussion symptoms compared with males. Moreover, it
took female athletes an average of 2.1 days longer to return to their individual baseline than
males. A study by Baker et al'2 investigated 110 male and 37 female athletes (aged 13-19
years) in a longitudinal study design. Females not only reported a greater number of
symptoms and increased symptom severity compared with males (as assessed using SCAT2
and either IMPACT or ANAM), but they also took almost twice as long to recover (as tested
using BCTT). Gallagher et al’3 examined symptom severity using the SCAT2 or SCAT3 in a
sample of 40 male and 50 female collegiate athletes, with the measure collected every 24
hours after injury until return to play. Interestingly, they also examined the impact of
hormonal birth control in female athletes, reporting greater symptom burden in female
athletes not taking hormonal birth control, suggesting that hormonal profiles may play a
role. Female athletes had a longer length of recovery despite similar peak symptom severity.
Miller and colleagues (2016)27 also identified an association between prolonged recovery
and sex. A total of 294 young athletes were included. Medical history, SCAT2, symptom
severity at presentation, injury characteristics, and balance were assessed. Female sex was
the strongest risk factor among all multivariate models associated with prolonged recovery
from concussion (>28 days). More recently, Desai et al (2019)% analyzed data from 192
patients (75 females and 117 males). On average, females presented to the clinic later
postinjury than males (15 vs. 9 days), and they presented with significantly greater symptom
scores. Females additionally took longer to return to preinjury functioning compared to
males across all recovery measures examined, including time to return to school without
accommodations, time to return to noncontact exercise, time to return to full sport, time to
return to baseline neurocognitive functioning, and time to vision and vestibular examination
normalization. Finally, a recent study by Chandran et al’”4 assessed concussion diagnosis
frequency following head and neck injuries in high school soccer players. The odds of
sustaining a concussion following an injury to the head or neck were 84% higher in female
athletes than in male athletes, and females additionally had significantly higher odds of
experiencing symptoms of light sensitivity and drowsiness.

The above-mentioned studies indicate that female sex is a risk factor not only for increased
symptom severity but also for prolonged recovery following sports-related concussion.
Moreover, female sex may also be a risk factor for sustaining future concussions.

Vestibular-Oculomotor Function

Henry et al24 assessed the recovery trajectories of athletes after sports-related concussion
using ImPACT and a Dizziness Handicap Inventory-adapted interview in addition to
assessing vestibular-oculomotor function. While there was no effect of sex on
neurocognitive recovery, females recovered more slowly in both dizziness and vestibular-
oculomotor function than males. A study by Sufrinko and colleagues’® included 36 male and
28 female athletes (aged 9-18 years) who presented at a clinic within 21 days of injury. Sex-
related differences were evaluated using the Vestibular/Ocular Motor Screen, BESS,
IMPACT, and PCSS. Females reported more postconcussive symptoms and showed higher
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vestibular ocular reflex scores than males, while no saccadic movement, near point of
convergence, neurocognitive test, or balance differences were identified. The authors
concluded that among a diverse set of clinical outcomes, only vestibular-ocular reflex tests
were able to discriminate between sexes.

Gait Performance

Howell and colleagues3® investigated gait characteristics (i.e., walking speed, stride length,
and step rate) of female and male youth athletes within 14 days of concussion and uninjured
controls in single-task (walking down a hallway) and dual-task (walking down a hallway
while concurrently completing a cognitive task) conditions. Concussed females
demonstrated a greater change between single-task and dual-task conditions for the step rate
variable. Female and male controls did not, however, exhibit a significant difference. The
authors suggest that executive functioning may be differentially affected by concussion
between sexes, resulting in a greater change between single-task and dual-task conditions for
concussed females compared to concussed males. The authors suggest that objective
measures, such as instrumented gait measurements, may be able to characterize better
between sex-related differences following concussion than self-report measures (e.g.,
symptom inventories).

Heart Rate Variability

Hutchison and colleagues’® examined 16 male and 10 female student athletes who had
sustained a concussion, as well as 16 male and 10 female age-matched healthy controls.
Heart rate variability and cortisol levels were measured. Acutely postconcussion (i.e., within
1 week postinjury), all concussed subjects reported greater symptom severity, worse
emotional disturbance, and worse sleep quality than controls, but no differences between
females and males were observed. However, heart-rate variability response among female
athletes was more sensitive to concussion than males. The authors suggested that decreased
parasympathetic activity without a corresponding sympathetic activity increase could
underlie the altered heart-rate variability observed in females.

These studies provide evidence that sex may influence how the brain responds to
concussion. Convergent evidence from over 10 available studies demonstrates that females
report more severe postconcussion symptoms compared to males, making this the most
common finding among the studies reviewed in Table 4. While this sex-related disparity in
symptom endorsement may affect all symptom categories, females are more likely to
experience somatic, neurobehavioral, emotional, and vestibular-oculomotor symptoms than
males. A number of studies additionally reported greater decrements in neurocognitive
functioning following concussion in females, with decrements in visual memory and
reaction time being the most prominent. Further, the few studies that examined recovery
reported that females take longer to return to baseline following a sports concussion, i.e.,
females appear to have an increased risk for experiencing a protracted illness course and for
enduring persistent PCS at 3 months postinjury. Finally, few studies investigating
neurological and physiological function indicate sex-specific differences in vestibular-
oculomotor function and gait performance and heart rate variability. Differences in clinical
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and cognitive symptoms between the sexes following concussion may be related to
differences in heart rate variability, neuroinflammatory markers, or hormonal profiles.

Imaging Studies

Very few studies (7= 4) have investigated sex-related differences following sports-related
concussion using imaging techniques, despite the potential that these methods offer for
elucidating neurological underpinnings of sex-differences in clinical and cognitive outcomes
(Table 5). Chamard et al’” followed a cohort of 25 male and 20 female ice hockey players
over one play season. All participants received baseline and end of season MRI and MRS.
Five males and six females who sustained a concussion were additionally scanned 72 hours,
2 weeks, and 2 months after injury. The ratios of the following metabolites in the corpus
callosum were analyzed: Glu/Cr-phosphocreatine, mI/Cr, and NAA/Cr. No differences were
found between athletes who sustained a concussion during the season and those who did not.
However, the group of female athletes who were not diagnosed with a concussion showed a
significant decrease in their NAA/Cr ratios over time, whereas all metaboliteratios remained
stable in male athletes who were not diagnosed with a concussion. It is possible that the
decrease in NAA is reflective of neuronal injury due to exposure to subconcussive injury
during the season, and that females may be more sensitive to these injuries compared to
males.

Helmer and colleagues?3 investigated the same cohort using SWI. There were sex-related
differences at baseline in the control group with higher hypointensity burden in males
compared to females. Following concussion, there was a statistically significant increase in
the hypointensity burden in male athletes compared to baseline. The same trend was also
observed among female athletes who sustained a concussion, although the increase was
smaller and not statistically significant. No differences in the hypointensity burden were
found among the nonconcussed athletes between baseline and end of season scans. These
results highlight the importance of appreciating sex-related differences at baseline. Future
studies are needed that investigate the relationship between frequency and force of head
impact and hypointensity burden.

A study by Fakhran et al’8 collected DTI data within 3 days of initial clinical evaluation of
47 males and 22 females who sustained a concussion, as well as 10 male and 11 female
healthy controls. A voxel-based group comparison of fractional anisotropy (FA) values was
performed with TBSS. White matter tracts corresponding to the significant clusters found in
TBSS were identified using standardized atlases. Males with concussion showed
significantly lower FA values in the uncinate fasciculus bilaterally compared to females with
concussion and both male and female controls. Moreover, males experienced a significantly
longer time to symptom resolution. This result is interesting in the light of previous studies
mentioned above that reported longer recovery time in females. Of note, the control group in
this study is very small. Future studies using DTI in larger cohorts are clearly needed to
better understand microstructural differences between females and males following
concussion.

J Neuroimaging. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Koerte et al.

Page 11

Hsu et al*? included 15 males and 15 females who sustained a concussion, as well as 15
male and 15 female controls. The primary mechanism of injury was fall for both males and
females; however, three subjects (two males and one female) sustained a sports-related
concussion. All subjects underwent fMRI and neuropsychological testing, and working
memory was assessed during an fMRI task. Additionally, digit span and continuous
performance testing were conducted before the scan. Subjects were scanned twice, 1 month
following concussion and 6 weeks thereafter. Lower digit span scores were found in females
with concussion compared with female controls. In the initial working memory scan,
hyperactivation was found in the group of males who sustained a concussion but
hypoactivation was found in the group of females who sustained a concussion in bilateral
frontal and parietal regions, compared with controls. In the second scan, females who
sustained a concussion still showed hypoactivation, whereas the hyperactivation among
males who sustained a concussion resolved. In the healthy, previous fMRI studies have
shown an association between increased activation in frontal and parietal areas and working
memory loads.#2 The hypoactivation in females could reflect more severe injury in females.
However, it is unclear if hypoactivation patterns are reflective of worse injury given other
studies that have shown hyperactivation following injury.”®

Interestingly, despite the relatively limited number of studies and some mixed results, these
studies collectively reveal differences in imaging measures following concussion in males
and females. For example, the MRS study showed a lower concentration of NAA, which can
be interpreted as a marker of heightened neuronal injury in females compared to males. The
SWI study revealed sex-related differences in hypointensity burden at baseline, highlighting
that differences in imaging measures may exist even preinjury and need to be taken into
account when assessing sex-specific differences following concussion. Further, one DTI
study showed lower FA in males in the uncinate fasciculus; however, the sample size of the
male control group was small. Conclusions as to whether females are more or less
vulnerable to injury than males following concussion are difficult to make based on
neuroimaging findings alone. Moreover, it remains unclear whether the differences reported
might also be related to differences in the severity of injury between the two sexes.
Nonetheless, these studies demonstrate how neuroimaging can be harnessed to provide
valuable quantitative and objective measures of injury that provide insight into different
underlying pathological pathways of injury. Future studies are clearly needed to investigate
further the underlying neural pathomechanisms involved in concussion, and to understand
the clinical implications of sex-specific differences following concussion.

Fluid Biomarker Studies

The past two decades have witnessed an increased interest in the potential utility of fluid
biomarkers as promising objective measure in the diagnosis and prognosis of sports-related
concussion.89:81 Candidate fluid biomarkers that have been explored include axonal (tau and
neurofilament light (NFL)), glial (S100B and glial fibrillary acidic protein (GFAP)), and
neuronal (neuron-specific enolase (NSE) and UCH-L1) injury markers.82 Nonetheless, this
area of research is in its infancy. Most importantly, there has been a preponderant focus on
male athletes and very few studies have investigated the potential influence of sex in the
expression and release of brain injury-related fluid markers following sports-related
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concussion. The very few studies that have included female and male athletes are
summarized here.

In a recent study by Asken and colleagues, male athletes exhibited substantially higher
baseline concentrations of UCH-L1 and S100B than females, who, on the other hand, had
higher CNPase. The investigators concluded that a better understanding of sex-related
variability in these fluid biomarkers is essential for research and appropriate clinical
interpretation, and they further suggested that normative data stratified by sex might be
necessary.83 A peculiar phenotype characterized by higher circulating levels of t-tau and
worse outcome following sports-concussion has also been identified in female athletes,8*
suggesting a sex-based increased brain vulnerability and predisposition to certain types of
injury.

Taken together, these preliminary observations indicate that the identification of sex-related
biomarker signatures and the elucidation of their biological and pathophysiological basis to
inform tailored management and treatment will be an important avenue for future
investigation.

The literature to date has not provided sufficiently conclusive evidence for a modulating
effect of sex and gender on outcome following sports-related concussion. Nonetheless,
despite a few studies that found no significant differences between males and females
following concussion, the accumulation of evidence does indeed point to sex-related
differences across a range of clinical and neurological outcomes. It should be noted,
however, that most studies investigating sex-related differences in sports-related concussion
predominantly used subjective assessment tools, such as symptom reports and brief
computerized neurocognitive testing, e.g., IMPACT, as the only outcome measure. This was
particularly true for the few studies that did not find sex-specific differences.

In those studies that report significant sex-related differences following concussion, there are
several subtle patterns that emerge. For example, examining postconcussive symptoms,
multiple studies report greater symptom burden in female athletes in conjunction with a
longer recovery period, with some evidence of differences in symptom clusters (i.e., somatic
vs. cognitive symptoms) in males and females. There are a number of factors that may
contribute to these differences, including sociological factors that may make males less
likely to report symptoms.85:86 Regarding neurocognitive performance, the most consistent
findings appear to be for poorer visual memory performance in female athletes than in male
athletes. However, it is important to note that sex-related differences in certain cognitive
functions may exist preinjury and need to be taken into account when interpreting sex-
related differences following injury. Further, sex-related differences may be subtle and
require sensitive neuropsychological assessment, which is currently lacking in most studies
on sports-related concussion.

Finally, although yielding promising results, currently, there are only few studies using
neuroimaging to investigate sex-related differences following sports-related concussion and
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these studies generally are with fairly small sample sizes, thereby limiting our ability to
glean much from the results. What is clear is that imaging biomarkers will likely play an
important role in complementing clinical and behavioral outcome measures with objective
results. There are also new advances in imaging that may add to our understanding of brain
injuries (e.g., free water imaging developed by Pasternak et al).8” Such new measures, which
are typically more biologically driven and more specific, can add to the precision of
measuring and characterizing brain injury as they are based on radiological evidence and can
thus be considered objective outcome measures. Future studies should also use multimodal
imaging assessments to quantify sex-related differences following sports-related concussion.
Furthermore, fluid biomarkers are an emerging field in the diagnosis and prognosis of TBI.
Their applicability in the study of sex-related specific differences following sports-related
concussion needs to be assessed in future studies.

Nonetheless, the distinct pathomechanisms and reasons behind sex-related differences in
sports-related concussion are far from being understood. To date, two major components
contributing to such differences are herein discussed. First, sex-related differences could be
associated with differences in injury incidences and intensities. In this context, studies
indicate that female athletes are at greater risk for concussions when compared to males,
9.88.89 \which has been associated with smaller neck girth and weaker neck muscles in
females.?0 Second, sex-related differences could be closely associated with biological,
physiological, or hormonal differences between males and females, as suggested by
investigations among patients suffering from TBI.91-94 These two major components are
primarily based on observations among subjects with different and more severe TBI or
animal models, thus leaving open the question of whether they can hold true in sports-
related concussions in humans. Moreover, there is initial evidence to suggest a sex/gender by
age interaction in the context of recovery from sports-related concussion. Further research is
needed to elucidate the processes of age-differential recovery from concussion in females
and the role of hormonal profile with regard to pubertal development as well as menopause.
Future evidence, ideally derived from studies integrating findings from clinical assessments,
advanced neuroimaging, and fluid biomarkers, is critically needed to gain insights into the
pathomechanisms of sex-specific differences following sports-related concussions. Finally,
as mentioned above, the vast majority of studies on sports-related concussion published to
date did not differentiate between biological sex differences and gender-related differences.
Future studies need to include information on both biological sex and gender to enable
evaluation of the independent effects and interaction between sex and gender on outcome
after sports-related concussion. What is clear is that females remain an understudied
population in the context of brain injury. Studies investigating sports-related concussion
should strive to include an equal number of males and females to facilitate elucidation of the
underlying mechanism of sex-related differences following concussion. Future studies,
including objective and sensitive outcome measures, multimodal neuroimaging, and fluid
biomarkers, will likely lead to a better understanding of sex-specific differences in
concussion/postconcussion. Results from these studies will help to optimize diagnosis, as
well as return-to-play decisions, improve the individual clinical management of concussed
athletes, and, ultimately, guide effective, individually tailored treatment for those who are
more likely to experience postconcussive symptoms.
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Fig 1.

Complementary advanced neuroimaging techniques that are used in studies on sex-related
differences after concussion. Abbreviations: Cho, choline; Cr, creatine; Glx, glutamate-
glutamine; ml, myo-Inositol; NAA, N-acetylaspartate.
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