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Abstract

There is growing recognition of the problem of male bias in neuroscience research, including in the field of traumatic brain

injury (TBI) where fewer women than men are recruited to clinical trials and male rodents have predominantly been used

as an experimental injury model. Despite TBI being a leading cause of mortality and disability worldwide, sex differences

in pathophysiology and recovery are poorly understood, limiting clinical care and successful drug development. Given

growing interest in sex as a biological variable affecting injury outcomes and treatment efficacy, there is a clear need to

summarize sex differences in TBI.

This scoping review presents an overview of current knowledge of sex differences in TBI and a comparison of human

and animal studies. We found that overall, human studies report worse outcomes in women than men, whereas animal

studies report better outcomes in females than males. However, closer examination shows that multiple factors in-

cluding injury severity, sample size, and experimental injury model may differentially interact with sex to affect TBI

outcomes. Additionally, we explore how sex differences in mitochondrial structure and function might contribute to

possible sex differences in TBI outcomes. We propose recommendations for future investigations of sex differences in

TBI, which we hope will lead to improved patient management, prognosis, and translation of therapies from bench to

bedside.
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Introduction

Traumatic Brain Injury (TBI) is a growing public health

concern with an estimated 1.7 million Americans suffering a

TBI every year.1 With approximately 5 million people in the United

States currently living with a TBI-related disability, the cost of care

estimates range from $60 to $221 billion per year.2 Epidemiolo-

gical data suggest that men are approximately 40% more likely to

suffer a TBI compared with women in the general adult population,

although the sex difference disappears above 75 years of age.1,2

National Collegiate Athletic Association data indicate that women

suffer more concussions than men of a comparable age playing

the same sport.3 Although women have a lower prevalence of

deployment-related TBI than men, as a growing number of women

choose to serve in active military duty, their relative risk of sus-

taining combat-related injuries is likely to increase compared with

their civilian counterparts.4,5 Given the increasing risk of sports-

and combat-related TBI in women, biological sex is an important

variable that needs to be considered in the context of TBI outcomes.

The question of whether there are differences in outcome from

TBI in men and women can be approached in different ways. First,

are there differences in how men and women acquire their injuries?

The answer appears to be yes, with women more likely to receive

injuries from assault or violence in interpersonal relationships and

men more likely to receive work-related injuries from falls and

motor vehicle collisions.6–8 Second, are there differences in how

the brains of men and women respond to an injury at the cellu-

lar and molecular level? Again, the answer appears to be yes, with

genetics and sex hormones likely to influence inflammation,

edema, oxidative stress, excitotoxicity, and mitochondrial func-

tion.9–15 Third, are there differences in the brain repair and recovery

processes of men and women and in the associated recovery of

function? The data also support this premise, with studies indi-

cating sex-based differences in neuroplasticity.16,17 Fourth, there

may also be sex-specific patterns of extracerebral trauma accom-

panying TBI and predilection to post-injury complications. Each

and all of these factors might influence outcome in studies of sex

differences in TBI.

A better understanding of the effects of biological sex in TBI

may help improve treatments and patient outcomes. There are no

effective therapies specific to TBI, because promising pre-clinical

therapies for TBI have repeatedly failed to translate to successful
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human trials. This has been attributed in part to inadequate pre-

clinical efforts to recapitulate the complexity of the human inju-

ry.18,19 For example, a recent review reported that 93–95% of pre-

clinical studies have failed to include biological sex as a variable.20

Fewer women than men are enrolled in clinical trials of TBI, in part

because the incidence of TBI in men is far greater than in women.

Moreover, results are not always analyzed by sex.19,21,22

Because brain anatomy, cellular pathways, and drug pharma-

cokinetics can be affected by biological sex,21,22 the limited rep-

resentation of females in animal studies and women in human trials

is problematic for developing successful treatments. The absence of

females in pre-clinical trials means that possible sex differences in

pathophysiological mechanisms are not being targeted during drug

development. Subsequently, the paucity of women in clinical trials

means that promising treatments are not being tested against the

real biological substrate and may hamper translational success.

A workshop convened in December 2017 by the United States

National Institutes of Health on ‘‘Understanding Traumatic Brain

Injury in Women’’ focused on how current knowledge of sex dif-

ferences in epidemiology, pathophysiology, recovery, and response

to treatments can provide solutions to improve research practices in

the field of TBI. The workshop acknowledged that findings to date

have been mixed, and concluded that numerous knowledge gaps

still exist regarding the effects of sex in TBI. As one workshop

participant summarized, ‘‘The more we look for sex differences,

the more we find.’’ The collective conclusion was that more re-

search is needed to fill the gaps using carefully designed, multi-

disciplinary studies that include sex as a biological variable.

The purpose of this review is to provide an overview of sex-

specific differences in TBI pathophysiology, functional outcomes,

and recovery, and to highlight a possible role of mitochondria

in mediating these differences. First, we perform a scoping review

to summarize the current state of human and animal research on

sex differences in TBI. Next, we discuss some of the major unre-

solved questions that need to be addressed to advance understanding

of sex differences in TBI. Finally, we examine mitochondrial

dysfunction as a potential contributor to sex differences in TBI

pathophysiology.

Methods

Terminology

Sex includes the biological attributes that distinguish males and
females based on reproductive organs and chromosome comple-
ment, whereas gender reflects non-biological traits, behaviors, and
expectations that society ascribes to men and women.23 However,
across the scientific literature the terms sex and gender are often
used interchangeably. Although it is recognized that some behav-
ioral outcomes in clinical studies might be influenced by social
constructs, this review largely examines biological differences and
as such we will use ‘‘sex differences’’ in our discussion of both
human and animal studies. We refer to men and women in human
studies and males and females in animal studies.

Search strategy for literature review

To identify published medical literature regarding sex differ-
ences and TBI, PubMed was searched without limitations as to
publication date or language. Because sex and gender have been
used interchangeably we included both terms in our search strategy.
The following search strategy was devised: (sex factors[mesh] OR
sex characteristics[mesh] OR ‘‘gender dependent’’ OR ‘‘sex de-
pendent’’ OR ‘‘gender differences’’ OR ‘‘sex differences’’ OR
‘‘sexual dimorphism’’ OR ‘‘sex related’’ OR ‘‘gender related’’)

AND (‘‘Brain Injuries, Traumatic’’[Mesh:noexp] OR ‘‘Brain
Concussion’’[Majr] OR ‘‘Brain Contusion’’[Majr] OR ‘‘traumatic
brain injury’’[All Fields] OR ‘‘traumatic brain injuries’’[All
Fields]) NOT (Review[publication type] OR ‘‘Systematic re-
view’’[All Fields] OR Meta-analysis[publication type] OR ‘‘liter-
ature review’’). This search generated 601 results in July 2018. An
additional 15 items were identified through manual cross-reference
searching (Fig. 1).

Study inclusion and exclusion criteria

Only original research articles were included in the final
analysis—reviews and meta-analyses were excluded. Human
studies that included adolescents and/or adults of reproductive age
were included. Clinical studies that included adults of reproduc-
tive age but also spanned younger and older ages were also in-
cluded. Clinical and pre-clinical studies that focused solely on
pediatric TBI (patients ages £12 years only and rodents post-natal
day 0–21 or pigs 0–4 weeks old) or solely on geriatric TBI (pa-
tients ages ‡65 years only and rodents ‡20 months old) were
excluded. Articles that only studied epidemiology of human TBI,
but not mechanisms or outcomes of injury were excluded. Studies
on injuries other than TBI (e.g., general trauma, stroke, spinal
cord injury, etc.) and journal articles in a language other than
English were also excluded.

Classification of studies

Human and animal studies were classified into four categories
based on functional, physiological, or neuropathological outcome
measures: 1) worse outcomes in women/females, 2) better out-
comes in women/females, 3) no difference between sexes, or 4)
mixed results between sexes. Studies that reported better or worse
performance in women/females on at least one outcome measure
and no significant difference between sexes on other outcome
measures were grouped under ‘‘better outcomes in women/fe-
males’’ or ‘‘worse outcomes in women/females’’ categories, re-
spectively. When no differences were reported between men/males
and women/females on any of the outcome measures tested, studies
were grouped under ‘‘no difference.’’ Studies that showed wom-
en/females performing better on one or more measure(s) and
men/males on others, or those reporting different post-TBI symp-
toms by sex were categorized under ‘‘mixed results.’’ Such a sys-
tem of classification is unbiased because it avoids judgments on the
relative importance of each outcome/symptom.

Studies of patients with a Glasgow Coma Scale (GCS) of 9–15
were classified into the ‘‘Mild–moderate’’ category. Studies with
GCS <12 were grouped into the ‘‘Moderate–severe’’ category.
Studies that included all injury severities (GCS 3–15) or where data
on injury severity were not available were grouped under ‘‘Non-
stratified.’’ Measures that reflected injury mechanisms such as
edema, cerebral blood flow, oxidative stress, tissue integrity, neural
activity, brain region connectivity, and heart rate variability were
classified under ‘‘Neuropathology and physiology’’ (Table 1).
Mortality, Glasgow Outcome Score (GOS), duration of hospital
stay, work capacity, and behavioral, motor, or neurocognitive as-
sessments were classified as ‘‘Functional outcomes.’’

Results

Sex effects on TBI outcomes in humans

Using the search criteria outlined above, we found 156 published

studies that compared outcomes between men and women fol-

lowing TBI. For each study, the following data were extracted:

injury severity, total number of subjects and number of women in

the study, age of subjects, comorbidities and systemic injury status,

functional outcomes, and proposed neuropathological mechanisms
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contributing to observed outcomes. The main sex difference find-

ings from these studies are summarized in Table 1.

Across all human studies, the largest fraction (47%) reported

worse outcomes in women than men. 26% found better outcomes,

in women, 18% found no sex difference, and only about 9% re-

ported mixed results with women performing better on certain

outcome measures and men on others (Fig, 2, upper panel). These

studies reflect the heterogeneity of human TBI, with injury seve-

rities ranging from mild to severe. Non-stratified studies that did

not segregate patients by injury severity were split between those

that showed women faring better (33%) and those that showed

women faring worse than men (40%), with 19% reporting no sex

differences in TBI outcomes or pathology (Fig. 2, lower left).

However, when we categorized studies by injury severity, cer-

tain trends became apparent. For example, a majority of studies

of mild–moderate TBI found that women fared worse than men

(60%), whereas only 9% of these reported better outcomes in

women (Fig. 2, lower middle). In contrast, among studies of

moderate–severe TBI, 34% found that women fared worse than

men and a greater proportion (46%) showed that women fared

better (Fig. 2, lower right). This analysis suggests that injury

severity may interact with biological sex in determining out-

comes following TBI.

Because the number of patients enrolled in an individual study

impacts the statistical power for making reliable predictions, we

categorized studies into 1) Small (0–1000 patients; 118 studies), 2)

Medium (1000–10,000 patients; 23 studies), and 3) Large (>10,000

patients; 15 studies). A majority of the smaller studies (52%) re-

ported worse outcomes in women compared with men, with fewer

(23%) reporting better outcomes in women (Fig. 3, left). Among

medium-sized studies, 39% showed women faring worse than men

and among large studies only 13% reported women faring worse.

Moreover, most large studies reported that women did better than

men (67%; Fig. 3, right). These large studies obtained data retro-

spectively from national registries that included patients from

multiple trauma centers and classified TBI based on criteria out-

lined in the International Classification of Diseases.

Our analysis therefore suggests that studies with larger sample

sizes, perhaps better representing a less-biased view of the popu-

lation at large, tended to report better outcomes in women than

smaller studies with limited enrollment. However, other factors

such as recruitment methods, inclusion/exclusion criteria, type of

statistical analyses, ratio of men to women, and inclusion of age-

matched controls can influence the study quality and merit further

consideration that is outside the scope of this review.

Given the breadth of assessments used to measure functional

outcomes across human studies, we further categorized these

measures into three broad domains: Community Integration (CI),

including activities of daily living, return to work/school/sporting

activity, or GOS (44 studies); Social-Behavioral (SB), including

cognitive function and symptoms such as depression, anxiety,

memory, and attention (99 studies); or Survival (S; 27 studies;

Table 1). We found interactions between outcome category and

each of injury severity and sample size. For example, 76% of

studies of >10,000 patients used either S or CI as outcomes,

whereas smaller studies relied on SB measures (66%, Table 2). This

is likely because smaller studies can collect data prospectively from

individual patients, whereas very large studies tend to extract data

retrospectively from existing databases including medical records.

When comparing these trends with sex difference findings across

study size (Fig. 3), it seems that SB outcome measures used in

smaller studies correspond to worse outcomes in women. In con-

trast, larger studies that use CI and S were more likely to report

women faring better than men.

The severity of TBI in the patients studied was associated with

the type of outcome measure used. We found that >88% of studies

of mild–moderate injury used SB outcome measures including self-

reported symptoms (Table 2). In studies of moderate–severe injury

52% used CI and/or S as outcomes, whereas only 30% included SB

measures (Table 2). This may be because patients surviving severe

TBI are less likely to complete detailed cognitive testing, whereas a

study of survival in patients with mild TBI might suffer from

ceiling effects because few patients will die. Combining these

findings with the distribution of sex differences by injury severity

FIG. 1. Flowchart for search strategy and study inclusion criteria.
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(Fig. 2), suggests some interesting interactions. Studies of mild–

moderate TBI that were more likely to use SB outcomes also tended

to show worse outcomes in women than men. Moreover, studies of

severe TBI were more likely to use CI and S as outcome measures

and to show better outcomes in women.

Although functional outcomes were reported in 149 of the 156

human studies, physiological/neuropathological measures were

only reported in 24. Lower cerebral perfusion pressure, higher in-

tracranial pressure, and greater frequency of cerebral edema may

contribute to higher mortality and unfavorable GOS 1 month post-

TBI in women.13,24,25 Another study reported that greater preser-

vation of white matter integrity was associated with shorter dura-

tion of post-TBI symptoms in women compared with men.26

Moreover, higher connectivity between various brain regions was

associated with less physical aggression in women veterans than

men post-TBI.27

Genetic factors may interact with sex and injury severity to af-

fect TBI outcomes. For example, women carrying the APOE4 al-

lele had worse Glasgow Outcome Scale-Extended (GOS-E) scores

than men carriers in a study of 651 patients with mild to severe

TBI.28 A smaller study of severe TBI reported that men who were

carriers of APOE4 had worse GOS-E scores than those lacking the

FIG. 2. Sex effects on TBI in human studies: distribution by severity. All human studies identified by our search criteria were
classified based on post-TBI outcomes (upper panel). The total studies were then analyzed based on injury severity. Studies that
included patients of all injury severities (GCS 15–3) or where data on injury severity were not available, were grouped under ‘‘Non-
stratified’’ (lower left). Studies that recruited patients with GCS 9–15 were classified into the ‘‘Mild–moderate’’ category (lower
middle). Studies with GCS <12 were grouped into the ‘‘Moderate–severe’’ category (lower right). In each category, we quantified
percentage of studies showing worse outcomes in women than men, studies showing better outcomes in women than men, those showing
no significant difference between men and women, and studies reporting mixed results where women do better on some outcome measures
and men on others. GCS, Glasgow Coma Scale; TBI, traumatic brain injury.

FIG. 3. Sex effects on TBI in human studies: distribution by sample size. We categorized the human studies identified by our search
criteria based on the number of patients recruited. Small studies enrolled no more than 1000 patients (left), medium-sized studies
enrolled 1000–10,000 patients (middle), and large studies enrolled more than 10,000 patients (right). In each category, we quantified
percentage of studies showing worse outcomes in women than men, studies showing better outcomes in women than men, those
showing no significant difference between men and women, and studies reporting mixed results where women do better on some
outcome measures and men on others. TBI, traumatic brain injury.
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allele, whereas no such effect was detected in women.29 Additionally,

race may interact with sex to influence TBI outcomes, with a study of

nearly 3000 patients with mild to severe TBI finding higher incidence

of brain edema in women sampled in Hong Kong but not those in

Australia.30 However, because detailed data on race were not col-

lected, inferences regarding race and sex differences can only be

inferred for a predominantly Asian versus a predominantly non-Asian

population. These differences could be attributed to race-specific

single nucleotide polymorphisms in genes affecting inflammation and

predisposition to genetic diseases.31,32 However, given the number of

women typically enrolled and low minor allele frequency of such

polymorphisms, very large sample sizes would be required to detect

any meaningful race and sex-specific interactions in TBI.

Comorbidities and extracerebral injuries can affect the clinical

course and outcomes of TBI.33,34 Although many studies explicitly

exclude patients with history of neurological/psychiatric disorders

and/or severe comorbidities, a surprising number (37%) of the

studies we reviewed provided no data on exclusions. Further, only

15% of studies specifically reported extracranial injury status, with

similar numbers including versus excluding these patients. Because

comorbidities and extracranial injuries might have different prev-

alence in men versus women,33,35 the absence of widespread re-

porting of these factors is an important limitation in interpreting

findings of sex differences. Accordingly, we recommend that future

studies make greater efforts to document pre-existing and concur-

rent clinical conditions.

Sex effects on TBI outcomes in animal studies

Animal models of TBI allow control of such factors as age,

genetics, injury type, and comorbidities, providing an opportunity

to better understand the mechanisms of secondary damage after

head trauma and to investigate novel therapies. The most com-

monly used TBI models are controlled cortical impact (CCI), fluid

percussion injury (FPI), closed head injury (CHI), penetrating

ballistic-like brain injury (PBBI), and blast injury. These models

aim to mimic the various types of TBI reported in humans and

have been reviewed in detail elsewhere.36 In brief, CCI produces a

focal contusion injury, whereas FPI results in a mixed focal cor-

tical injury and diffuse subcortical injury. Blast injury and PBBI

mimic the types of injuries most frequently sustained by military

service members. Repeated CHI models the diffuse injury of sport

concussions.36

Our search found 43 studies that compared outcomes between

male and female animals following TBI. The following information

was extracted from each study: TBI model, injury severity, species,

age, functional outcomes, and neuropathological mechanisms. The

main findings of these studies are summarized in Table 3. Func-

tional outcomes, defined as mortality or behavioral assessments of

cognition or sensorimotor ability, were reported in 24 of the 43

animal studies. Neuropathological mechanisms including edema,

cerebral blood flow regulation, oxidative stress, inflammation, glial

activation, and tissue damage or cell death were identified in 36

studies.

Among all animal studies, 44% reported that females fared

better than males, 14% reported that females fared worse, with the

remaining studies showing no sex differences (28%) or mixed re-

sults (14%; Fig. 4, top). Segregating studies by injury severity

suggested a possible interaction between sex and severity similar to

that identified in human studies. Specifically, among studies of mild

TBI, only 17% showed better outcomes in females than males,

whereas in moderate–severe TBI a larger proportion (55%) showed

better outcomes in females. Conversely, the percentage of studies

reporting females doing worse decreased with severity (Fig. 4,

lower).

We next considered whether effects of sex on injury outcome

might differ across pre-clinical injury models. Most of the CCI

studies (55%) reported better outcomes in females than males, with

none showing males doing better (Fig. 5). In studies using CHI,

31% found females doing better and 23% showed females doing

worse. In the small number of studies using lateral FPI, 40%

showed females doing better and 60% females doing worse. Due to

the small number of studies employing some injury models, in-

terpretation of trends should be viewed as preliminary.

Overall, more animal studies report better outcomes in fe-

males than those reporting worse or mixed results. However,

results when comparing males and females appear to depend

upon the specific measures recorded, when they are recorded

after injury, and in what brain region they are sampled. Mixed

results within an animal study may also result from pre-set group

sizes that are powered to detect sex differences in some assess-

ments but might be inadequate for others. Females performed

better than males on sensorimotor tasks but not on cognitive

tasks following moderate to severe CCI.37–40 Regarding time-

course, females showed less edema than males at 5 h, 3 days, and

5 days after impact acceleration injury, but more edema at 24 h

post-injury.41 Impact acceleration injury also resulted in an

earlier peak of neurodegeneration in male mice (3 days) versus

a 14-day peak in females.42 However, severe CCI did not show

significant difference in time-course of neurodegeneration or in

overall tissue damage between males and females.43 Neuro-

pathological measures varied based on the type of injury and

brain region sampled. Sex-dependent changes in messenger ri-

bonuleic acid (mRNA) expression of growth factors and in-

flammatory markers were different between the prefrontal cortex

and the hippocampus.44 Gene expression in males and females

also varied based on the direction of acceleration and rotational

forces and number of head impacts.44,45

Animal studies offer the ability to control many experimental

variables, to study cellular and molecular mechanisms, and to di-

rectly test the link between mechanisms and functional outcomes.

However, the extent to which these models accurately reflect the

human condition has been debated.46,47 Although comparisons

across different animal species, strains, injury models, and seve-

rities are helpful in understanding the complexity of human TBI,

Table 2. Outcome Domains in Human Studies:

Distribution by Study Size and TBI Severity

References
Community
integration

Social-
behavioral Survival

Size of study
0–1000 patients 23.6% 66.1% 10.2%
1000–10,000 patients 30.8% 50.0% 19.2%
>10,000 patients 35.3% 11.8% 52.9%

TBI severity
Mild–moderate 11.4% 88.6% 0.0%
Moderate–severe 37.0% 30.4% 32.6%
Non stratified 35.2% 42.6% 22.2%

Community Integration includes activities of return to work/school/-
sport, daily living, quality of life, and length of hospitalization. Social-
Behavioral includes cognitive (memory, attention, executive function),
psychiatric (depression, anxiety, aggression, binge drinking), and neuro-
logical (pain, sleep) measures.

TBI, traumatic brain injury.
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greater inclusion of females in pre-clinical modeling is also es-

sential. There remain concerns among investigators that estrous

cycle changes may introduce variability in pre-clinical studies,

although this has been debated.48,49 Such concerns can, however,

be addressed by using ovariectomized animals, time-locking ex-

periments to cycle, or by measuring sex hormone levels for in-

clusion in post hoc statistical analysis. Future animal studies of sex

differences in TBI should also consider the potential for hidden

confounds, such as differential response to anesthetics, sex differ-

ences in body and/or skull size, and sex differences in motivation to

perform behavioral tasks.49–51

Discussion

Considering the current body of research on sex differences in

TBI, the overall picture is not a straightforward one that points to

better outcomes in one sex versus the other. Rather, the findings we

have reviewed from human and animal studies are complicated

and often contradictory. A closer examination of these findings

provides opportunity for new insights that we hope will move the

field forward in a meaningful way. Below we will review what we

have learned from studies to date, discuss some of the major un-

resolved questions related to sex effects in TBI, and make recom-

mendations for future directions.

Human versus animal studies

As Figure 6 summarizes, among all human studies, women tend

to do worse following TBI, whereas in animal studies, females tend

to do better. However, closer examination reveals similar trends

across both clinical and pre-clinical studies. For example, limiting

the scope of studies to moderate to severe TBI suggests better

outcomes in women/females than in men/males (Figs. 2 and 4). In

contrast, mild TBI is associated with worse outcomes in women in

clinical studies but mixed results in animal studies (Figs. 2 and 4).

Differences in outcome measures used in humans and animals

might account for this. Most human studies of mild TBI report that

women experience a greater number, severity, and/or duration of

post-concussive symptoms, such as headaches, fatigue, sleep dis-

turbances, dizziness, irritability, aggressiveness, anxiousness, de-

pression, work or relationship troubles, or short-term memory

impairment.52 Such symptoms are usually self-reported and may be

influenced by societal gender stereotypes resulting in men reporting

symptoms differently from women.53,54 Outcome measures in an-

imal studies of mild TBI may be less susceptible to this type of bias.

Inclusion of more objective measures that are sensitive to mild TBI,

such as biofluid and imaging biomarkers, would benefit both animal

and human studies.

As noted above, human studies more commonly report functional

outcomes after TBI, whereas animal studies more frequently report

measures related to cellular or molecular mechanism. Across the

body of literature exploring sex effects in TBI, studies incorporating

both mechanistic and functional outcome measures remain relatively

sparse. From the limited data available, it is important to note that sex

differences in mechanistic measures of neuropathology or physi-

ology are not always associated with differences in functional or

FIG. 4. Sex effects on TBI in animal studies: distribution by
severity. All animal studies identified by our search criteria were
classified based on post-TBI outcomes (upper panel). Animal
studies were then categorized into those investigating mild (lower
left) or moderate–severe (lower right) injury severity. In each
category, we quantified percentage of studies showing worse
outcomes in females than males, better outcomes in females
than males, no sex differences, or mixed results where females do
better on some outcome measures and males on others. TBI,
traumatic brain injury.

FIG. 5. Sex effects on TBI in animal studies: distribution by injury model. Animal studies were classified based on injury model used:
CCI, CHI, LFPI, and other injury models. In each category, we quantified percentage of studies showing worse outcomes in females
than males, better outcomes in females than males, no sex differences, or mixed results where females do better on some outcome
measures and males on others. CCI, controlled cortical impact; CHI, closed head injury; LFPI, lateral fluid percussion injury; TBI,
traumatic brain injury.
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neurocognitive outcome. Indeed, sex-related differences in func-

tional magnetic resonance imaging (fMRI) activity, heart rate vari-

ability, edema, and intracranial hypertension were reported even in

the absence of differences in cognition, post-concussive symptoms,

duration of recovery, and GOS.13,55,56 Differences in gene expression

following mild TBI in male and female rats were not associated with

deficits in motor function.44 Conversely, mortality and GOS-E were

found to be different between sexes despite similar cerebral perfusion

pressure and intracranial pressure.57 In addition, female mice had

better ambulation and displayed less anxiety post-TBI although sex

differences in brain lesion volumes were not detected.49,51 One ex-

planation for these divergent findings may be different sensitivities of

the physiological versus functional outcome measures used.

Occasionally, both sexes may converge to the same functional

outcome despite having divergent underlying neuropathology.48

For instance, cell death following brain injury is triggered by cas-

pase activation in females but by caspase-independent mechanisms

in males.9 In mice, dysfunction of the hypothalamic-pituitary-

adrenal (HPA) axis following blast TBI is caused by dysregulation

of pre-autonomic neurons in females, but by disruption of limbic

pathways in males.58 Because therapeutic interventions are tar-

geted toward underlying mechanisms, elucidating the role of sex in

TBI pathophysiology is crucial.

Hormonal versus non-hormonal factors

One of the most compelling and widely studied hypotheses of

the cause of sex differences in TBI is that the injury response is

modulated by sex hormones, as recently reviewed by Spani and

colleagues.20 A simplified overview of hormonal changes across

the life span is that following a period of low hormonal levels after

birth, boys and girls experience a pubertal surge in male and female

sex hormones, respectively.59 Whereas women experience cyclic

production of estrogen and progesterone until menopause, testos-

terone production in men declines incrementally over time and is

markedly reduced in older men.

Whether better outcomes in female animals are due to the neu-

roprotective effects of estrogen and/or progesterone has been ex-

tensively examined. Normally cycling females had significantly

better survival rates, blood–brain barrier integrity, improved cortical

blood flow, fewer sensorimotor deficits, less brain edema, and

smaller contusion volumes than age-matched males after TBI.11,60–62

In pseudo-pregnant rats, post-TBI cerebral edema was even lower

than in normally cycling females, suggesting that female sex hor-

mones may exert a dose-dependent neuroprotective response.11

One study suggests that the better post-injury outcome in

pseudopregnant females compared with both males and intact fe-

males might be due to their 50–100 times higher levels of pro-

gesterone and its metabolites at the time of injury.63 Similarly,

female rats in the proestrous phase of their cycles had less brain

edema and lower intracranial pressure after TBI compared with

non-proestrous females presumably due to elevated serum levels of

estrogen and progesterone.64 Conversely, sex-dependent neuro-

protective effects were extinguished in ovariectomized females

with low levels of circulating estrogen and progesterone, but res-

cued by exogenous treatment with these hormones.11,60,61 Sex may

also influence the response to exogenous hormone treatments as

seen in a rat model of pediatric TBI, where progesterone improved

mitochondrial respiratory control ratio and glutathione levels in

males but reduced lesion volumes in females.65 In adolescent male

mice with TBI, progesterone improved motor performance but

exacerbated deficits in female mice.66

If female sex hormones provide endogenous neuroprotection in

women, then we might predict that women in their reproductive

years would have a neuroprotective advantage over men that would

not be seen before puberty or after menopause. This prediction is

supported by a study of over 20,000 patients showing that post-

pubescent teenage girls had lower mortality than age-matched boys

after moderate to severe TBI.67 Further, a study with approximately

1800 patients showed higher mortality following severe TBI in

post-menopausal women compared with age-matched men.68 No-

tably, both of these studies excluded patients with extracranial in-

jury, removing the potential confound of non-brain causes of

mortality.

However, several studies have questioned the importance of

female sex hormones following TBI. Estrous stage at injury did not

influence contusion volumes or behavioral outcomes in female

rats.38,61 Moreover, newborn female piglets had better cerebral

perfusion pressure regulation after injury than males, despite their

reproductively immature state.69 These pre-clinical studies suggest

that phase of menstrual cycle at injury may not by itself have a large

influence on TBI outcomes. Certain human studies also support this

notion. Menstrual cycle phase and oral contraceptive use did not

affect post-concussion cognition or postural stability in a study of

college-aged women.70 Peri- and post-menopausal, but not younger

(reproductive age) women had better outcomes including lower

mortality than age-matched men in more than 72,000 survivors of

moderate to severe TBI.71 Another large, multi-center study found

lower mortality in women than men above 50 years of age.72 Fi-

nally, the disappointing results of progesterone in Phase III clinical

trials has called into question the importance of sex hormones in

determining TBI outcome.73,74 Together, these findings support the

notion that factors beyond sex hormones are likely to be important

contributors to sex differences after TBI.

In addition to the effects of sex hormones on injury patho-

physiology, it is also important to consider the reverse, that is, the

effects of brain trauma on endogenous hormone levels. Acute and

chronic hypogonadism due to HPA axis dysfunction has been re-

ported in approximately 20–30% of TBI patients.75–78 Patients with

hypogonadism had low GCS, indicating that more severe TBI may

be associated with greater suppression of the HPA axis.79 Whether

FIG. 6. Comparison of TBI outcomes in human versus animal
studies. All human studies (white bars) and animal studies (black
bars) were divided into four categories based on study findings: 1)
those showing women/females do better than men/males, 2)
studies showing women/females do worse than men/males, 3) no
sex differences, and 4) those reporting mixed results by sex. TBI,
traumatic brain injury.

3080 GUPTE ET AL.



there are differences in the magnitude and prevalence of hypogo-

nadism between men and women is not known. It may however be

hypothesized that even after gonadal suppression, the low levels of

female sex hormones may be sufficient to mediate neuroprotection

because a large proportion of moderate–severe TBI studies show

better outcomes in women than men (Fig. 2, lower right).

The influence of estrogen and progesterone on injury pathways

and outcomes has been far more extensively characterized than that

of male androgens. The limited data available suggest that testos-

terone too may exert neuroprotection. Lower testosterone levels at

admission were associated with longer duration of hospital stay and

worse functional independence measures in men with moderate–

severe TBI.80,81 Testosterone promotes neurogenesis in uninjured

male rats82 and neuronal survival in male and female rats following

axonal injury.83,84 However, because testosterone is converted to

estradiol by aromatase, there is a possibility that the observed ef-

fects are at least partly conferred by its estrogenic metabolite. In

contrast, chronically treating mice with an androgenic-anabolic

steroid cocktail containing testosterone prior to induction of re-

peated, mild TBI exacerbated TBI-mediated axonal injury and

white matter microgliosis but not behavioral deficits.85 Data from a

clinical trial testing the effects of physiological doses of testoster-

one on men with low testosterone levels following moderate–

severe TBI is currently awaited (ClinicalTrials.gov identifier

NCT01201863). More studies are clearly needed to delineate the

role of testosterone on the neuropathological and functional out-

comes of TBI.

Although many studies have focused on the hormonal basis of

sex differences in TBI, chromosomal differences remain under-

explored. Sex differences may, however, arise from chromosomal

sources wherein XX or XY complement genes drive brain devel-

opment.86 Biologically, organisms with XX chromosomes are

considered female and those with XY chromosomes are male. In

utero, one of the X chromosomes in female embryos undergoes

inactivation to balance gene expression between sexes.87 However,

some genes escape X-inactivation, remaining transcriptionally

active in both the active and inactive X chromosome, resulting in

higher expression of these genes in females.88,89 Because the X

chromosome is enriched in genes often expressed in neural tissues,

‘‘escape genes’’ that affect brain function may contribute to sex

differences in susceptibility to, and recovery from, neurological

disorders and injuries. Indeed, most escape genes identified in mice

play a role in neuronal differentiation, cell survival, dendritic

outgrowth, and regulation of synaptic density.88,90

Efforts are underway to separate the hormonal and chromo-

somal underpinnings of sex differences in brain structure and

function. The Four Core Genotypes mouse model uncouples

chromosomal effects (X and Y) from gonadal influences (ovaries

and testes), allowing each to be studied separately by generating

four genotypes: XX mice with ovaries, XX mice with testes, XY

mice with ovaries, and XY mice with testes.91 High-resolution

MRI in these mice found that sex differences in the volumes

of certain brain regions were influenced exclusively by go-

nadal hormones, whereas differences in others were exclusively

under chromosomal control. The same study showed that spatial

learning and memory was solely under hormonal control, inde-

pendent of sex chromosomes.92 The Four Core Genotype mouse

model may be a valuable tool to unravel sex-based differences in

TBI.93 However, because fewer genes escape inactivation in

mice (3%) compared with humans (15%),94,95 the chromosomal

basis of sex differences may be understated in rodent studies

compared with humans.

In humans, chromosomal and hormonal influences on the brain

can be dissected by comparing individuals with Klinefelter syndrome

(XXY males) with XX females and XY males. Accordingly, sex

differences in cerebellar and pre-central gray matter volumes were

associated with X-chromosome load, whereas sex differences in the

amygdala, parahippocampus, and occipital cortex were linked to

testosterone levels.96 Given the importance of the amygdala, hip-

pocampus, and prefrontal cortex for stress responses and mood,97–99

it is possible that anatomical differences in these regions may con-

tribute to post-TBI symptoms, as women report greater anxiety and

depression and men report more amnesia and confusion.8,100,101

At the ultrastructural level, axons of cultured neurons isolated

from females were consistently smaller and contained fewer mi-

crotubules than those from males. Also, following a stretch-induced

injury in vitro, axons from females exhibited greater swelling and

loss of calcium signaling compared with those from males.102 The

effect of sex hormones on neurogenesis and spine density has also

been studied,103–105 and could modulate synaptic plasticity during

recovery from TBI. By contrast, how sex chromosomes may affect

these phenomena has not been well studied. Whether impaired

synaptic plasticity observed in juvenile female rats following mild

TBI is due to chromosomal control of synaptic ion channel ex-

pression or synaptic spine density needs further investigation.16

In vitro approaches offer an opportunity to examine cells isolated

from males or females without the influence of circulating sex hor-

mones,102 and offer considerable potential for better understanding

chromosomal influence on injury response.

Interpreting mixed results

One finding of our analysis is the substantial fraction of both

human and animal studies yielding mixed results, that is, wom-

en/females had better outcomes on some measures and worse

outcomes on others. Figures 2 and 4 indicate that 9% of human

studies and 28% of animal studies yielded mixed results per our

definition. However, many of these studies only used a single

outcome measure. Restricting analysis to studies reporting more

than one outcome indicates that 19% of human and 37% of animal

studies reported mixed results.

One factor that might contribute to mixed results is that men and

women perform differently on some cognitive and behavioral tasks

at baseline. For instance, baseline testing on the Immediate Post-

Concussion Assessment and Cognitive Test showed that women

outperformed men on verbal memory and reaction times.106,107

Similarly, rodents show sex differences in baseline performance on

spatial learning tasks such as the Morris water maze and radial arm

maze.108

In addition, the selection of outcome measures clearly matters and

can affect conclusions. For example, female mice had fewer deficits

in social recognition, but increased sociosexual avoidance compared

with males following CCI,51 and also showed greater ambulation but

more severely depleted striatal dopamine compared with males.39

Female rats subjected to repeated, mild TBI exhibited greater pre-

frontal cortical atrophy, whereas males exhibited greater white matter

disruption in the corpus callosum. Behavioral studies in the same rats

also found increased depression-like behaviors in females and

working memory deficits in males.45 Studies in humans also show

mixed results. For example, although women veterans were less

likely to be diagnosed with post-traumatic stress disorder following

TBI, they were more likely to suffer from depression or anxiety.8

Post-TBI symptoms differed between sexes with women reporting

more headaches, dizziness, and drowsiness and men reporting more
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amnesia and confusion.100,109 Further, age interacted with sex leading

to better verbal abilities in women than men in their twenties but

slower processing speed in women than men in their forties.110

These studies, which show within a given population sample that

males fare better on some outcome measures and females better on

others, encourage us to think about sex effects in TBI beyond a

single dimension. A useful framework for understanding sex dif-

ferences in TBI may be a ‘‘mosaic’’ model in which distinct

anatomical/functional domains may each respond differently to in-

jury in males versus females. Such a model can account for mixed

results, and highlights the benefits of study design that includes

multiple outcome measurements.48,111 Although studies relying on a

single outcome measure might be useful for gross outcomes such as

mortality and are easier to interpret, they do not fully represent the

anatomical and physiological complexity of sex effects in TBI.

Accordingly, we advocate for study batteries of multiple measures

reflecting both mechanisms and behavioral responses, ideally with

multiple time-points, and with more brain regions sampled. Clinical

databases such as TRACK-TBI, FITBIR, and IMPACT that serve as

integrated repositories for multi-dimensional outcome assessments,

genomic/proteomic data, neuroimaging and blood biomarkers for

civilian, sports, and military TBI are becoming important tools in

evaluating the impact of sex on TBI outcomes and experimental

treatments.112–114 This ability to access, share, analyze, and ag-

gregate common data elements allows for rigorous comparison of

multiple methodologies and outcome measures in studies of sex

differences.

Sex differences in TBI: Do mitochondria play a role?

Brain mitochondrial dysfunction and the resulting bioenergetic

disruption are fundamental to the injury cascade of TBI. Mi-

tochondria are crucial to energy production, as well as calcium

homeostasis, free radical production, neurotransmitter synthesis,

and apoptosis in neurons and glia.115 Accumulating evidence

suggests that mitochondria might perform these processes differ-

ently in males than females, both under physiological conditions

and under conditions of cellular stress such as TBI.116

Under physiological conditions, sex-specific differences in

mitochondrial respiration, bioenergetics, and reactive oxygen

species production have been reported in both human and animal

studies. In healthy human subjects, women had higher levels of N-

acetylaspartate, a marker of neuronal bioenergetics, in gray and

white matter.117 Although mitochondria extracted from brain,

liver, and cerebral arteries of female rodents displayed more ef-

ficient oxidative phosphorylation than in males,118–122 higher

maximal respiration was reported in cortical astrocytes derived

from male rats than females.123 Further, brain mitochondria of

female rodents had lower oxidative stress than those from males

associated with greater expression and activity of antioxidant

enzymes.119,124,125

These physiological differences in mitochondrial respiration,

energy production, and oxidative stress may be exacerbated under

pathological conditions. For example, during high-stress conditions

males preferentially rely on carbohydrates and amino acids as a fuel

source for energy production, whereas females use fats.116,126–128

Cellular stressors such as nutrient deprivation may elicit a differ-

ential response in mitochondria from males and females resulting in

decreased mitochondrial respiration, increased autophagy, and

enhanced neuronal death in male rats.128 Conversely, female mice

showed greater deficits in bioenergetic markers such as phospho-

creatine and N-acetylaspartate following mild TBI, compared with

male mice.129 Protein carbonylation, a marker of oxidative damage,

was also lower in the brains of female rats compared with males

post-TBI.130

How mitochondrial fission/fusion dynamics can affect mito-

chondrial health, protein quality control, and neuronal survival is a

relatively new and active area of TBI research.131 Mitochondrial

fusion allows for greater adenosine triphosphate (ATP) production

during conditions of high metabolic activity, whereas fission fa-

cilitates transport of mitochondria to regions of high energy de-

mand and removal of damaged mitochondria by autophagy.132,133

Although it is reported that mitochondria from male rodents have

increased propensity to undergo fission following TBI,134,135 mito-

chondrial dynamics following TBI have not been studied in females.

Notably, sex differences in the regulation of genes controlling mi-

tochondrial dynamics have been reported in mice following ischemic

injury, a condition that shares pathophysiological features with

TBI.136 If mitochondrial dynamics are also differentially altered in

males and females following TBI, this could be a possible mecha-

nism underlying observed sex differences in mitochondrial respira-

tion, oxidative stress, and cell death.

Sex hormones affect mitochondrial biogenesis and gene expres-

sion via estrogen, progesterone, and androgen receptors expressed

on the mitochondrial membrane.137 Conversely, mitochondria play

an essential role in sex steroid biosynthesis by promoting the

Table 4. Review Highlights

� A better understanding of the effects of biological sex in TBI will help improve treatments and patient outcomes.
� Among studies reviewed, the largest fraction of human studies reported worse outcomes in women, whereas the largest fraction of

animal studies reported better outcomes in females.
� Human and animal studies of more severe TBI were more likely than studies of milder injury to report better outcomes in women/

females than men/males.
� Larger clinical studies were more likely than smaller studies to report better outcomes in women.
� Injury severity, genetic factors, and age may interact with biological sex to determine TBI outcomes.
� Comorbidities and extracerebral injuries, which may have different prevalence in women and men, are frequently unreported.
� Sex differences in TBI may be considered as a ‘‘mosaic’’ where women/females fare better on some measures and men/males on

others.
� Few studies have investigated potential effects of androgens or chromosomal contributions to sex differences in TBI outcomes.
� Sex differences in mitochondrial function and dynamics may be important sources of sex differences in TBI.
� More research is needed to characterize both the underlying pathophysiology of TBI and treatment efficacy in women. Study designs

need to be adequately powered to detect possible sex differences.

TBI, traumatic brain injury.
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production of the sex hormone precursor pregnenolone from cho-

lesterol.138 Estrogen and progesterone contributed to sex differences

in cellular respiration and anti-oxidative functions of brain mito-

chondria in uninjured female rodents.119,124,139–141 They upregulated

transcription of fission and fusion genes in astrocytes of uninjured

female mice, but decreased the transcription of these genes in

males.142 Progesterone treatment reversed TBI-mediated impair-

ment in mitochondrial respiration and neuron loss in ovariectomized

adult females and prevented loss of the antioxidant glutathione

in juvenile male rats, but not in females.65,143 Although not as

well-characterized as the effects of progesterone, neuroprotective

effects of testosterone including inhibition of apoptosis, reduc-

tion in oxidative stress, improved mitochondrial respiration, and

maintenance of mitochondrial membrane potential have also

been reported.144–146

In summary, multiple aspects of mitochondrial function appear

to be different between males and females under physiological

conditions, and differences may be exacerbated by stress or inju-

ry.126–128,136 However, sex differences in mitochondrial function in

the context of TBI have only been explored to a limited extent.

Given the central importance of mitochondria in TBI pathophysi-

ology, this is an area that warrants further investigation.

Conclusion

This review of the literature in humans and animal models sug-

gests that sex differences in TBI outcomes are likely, but these ef-

fects are not universal. The largest fraction of human studies report

worse outcomes in women than men, whereas the largest fraction of

animal studies report better outcomes in females than males. How-

ever, a more nuanced picture emerges upon closer examination of

additional factors that may interact with sex differences to influence

TBI outcomes. Table 4 presents highlights of our main findings.

In clinical studies, injury severity might affect TBI outcomes in a

sex-dependent manner. Although only a few of the studies on

milder TBI reported better outcomes in women, a larger proportion

of the studies focusing on more severe injury report better outcomes

in women. TBI outcomes also varied based on the size of study.

Most human studies were small, enrolling fewer than 1000 patients.

Whereas half of these smaller studies reported worse outcomes in

women, a majority of large studies enrolling more than 10,000

patients reported better outcomes in women. Because larger sample

size affords greater statistical power and might better represent the

general population, these large studies might be more reliable

predictors of sex differences in TBI outcomes.

Animal studies showed a similar trend across injury severities as

that in TBI patients, with greater injury severity being associated

with better outcomes in females than males. Our review of animal

studies suggests that sex differences may also depend on the spe-

cific TBI model used. Most studies using the CCI model indicate

that females do better and none show males with better outcomes.

Fewer studies use other models and so conclusions pertaining to

sex differences should be approached with caution. However, an

overall problem in the field is that few studies include females as an

integral comparison group. More studies are required to probe the

specific effects of sex on TBI outcomes, particularly in animal

models of diffuse and repetitive injury.

An array of outcome measures has been used to study sex differ-

ences in TBI in both humans and animals. Given the substantial

number of studies reporting mixed results, it is obvious that the se-

lection of outcome measures can affect conclusions. Neuroimaging

and blood biomarkers that are TBI-specific yet robust across injury

type and translatable from pre-clinical to clinical studies have not been

applied to the study of sex differences.147 Future studies in both ani-

mals and humans would benefit from the use of validated, objective

biomarkers.

Because mitochondria are central to TBI pathophysiology and

have marked sex differences, we believe this is an important area

for future investigation. Specifically, clear elucidation of how sex

differences in mitochondrial respiration, antioxidant status, and

mitochondrial dynamics may affect functional outcomes is essen-

tial. Further research is clearly required to unravel the hormonal

and chromosomal basis of sex differences in TBI and how these

may influence mitochondrial function.

Historically, preclinical studies in neurotrauma have been per-

formed exclusively in males and women have been under-represented

in clinical studies. Because disease etiology, underlying neuropa-

thology, and cellular mechanisms of recovery differ between sexes,

such under-representation likely has a negative impact on clinical

care and limits successful drug development. Recent National In-

stitutes of Health guidelines to include both sexes or to justify ex-

clusion of either sex in cell and animal studies148 are a promising step

to help reduce male bias in pre-clinical TBI. As these guidelines drive

our understanding of mechanisms of injury and recovery in both

sexes, there will also be an increasing need to translate this knowledge

into adequately powered clinical trials in both sexes. A better un-

derstanding of how biological sex dictates TBI pathophysiology and

outcomes is critical to improving patient care and the development of

treatments for both men and women.
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