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Abstract

Traumatic brain injury (TBI) is a leading cause of death and disability with broad heterogeneity in
recovery outcomes particularly noted in pediatric patients. Children post-TBI are vulnerable to
aberrant neurodevelopment specifically in structural and functional neural networks as they
correlate with cognitive, behavioral, and motor function outcomes. Consideration for sex as a
biological variable which innately influences neuroanatomy, neurodevelopment, and functional
organization may elucidate risk factors for negative outcomes in pediatric TBL. For example, TBI
damage in sexually dimorphic neural structures and networks may explain deficits in social
cognition, working memory, as well as internalizing and externalizing behaviors, which differentially
impact the quality of life in male versus female TBI patients. However, characterization of sex in
conjunction with developmental patterns in normal and injured pediatric populations, is limited due
to small sample sizes, low representation of females, lack of longitudinal data, and the utilization of
analyses which are not sensitive enough to detect subtle differences in TBI pathologies and recovery
between the sexes. This review aims to analyze and synthesize the existing evidence regarding the
influence of sex on the developmental trajectories of neuroanatomical structures, white and gray
matter compartments, and the network disruptions that align with sex-specific functional recovery
outcomes following pediatric TBI. Delineation of these sex influences will facilitate better precision-
based medicine approaches to improve patient outcomes.

Keywords: traumatic brain injury; pediatric; sex; neuroanatomy; neurodevelopment; white matter;
gray matter; connectivity

1. Introduction

Pediatric traumatic brain injury (TBI) is well established as a leading cause of mortality and
disability, causing an immense public health burden with >500,000 emergency department (ED) visits
and 2,000 deaths annually in the United States [1,2]. Despite declining incidence of severe pediatric
TBI, likely due to measures taken to improve safety and education, TBl-related ED visits have
continued to rise, due in part to increasing incidence and reporting of mild pediatric TBI cases [1].
Pediatric risk for TBI is of particular concern due to coalignment with critical neurodevelopmental
periods and disruption of brain development (e.g., delayed brain growth, abnormalities in white
matter microstructure) which leads to negative functional outcomes (e.g., learning, memory, motor
function) [3]. Given the heterogeneity in TBI pathophysiology and recovery, research efforts have
focused on patient- and injury-specific delineation of risk factors to coordinate precision medical
approaches and potential therapeutic targets. Sex has recently been identified as a key biological
variable in TBI pathophysiology and a mediator of recovery outcomes.
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Human and preclinical TBI studies have shown sex-related differences in cognitive, behavioral,
and motor dysfunction, in addition to somatic symptom presentation and persistence in adults [4-6].
Neuroprotective effects of estrogen and progesterone may partially explain these sex-dependent
recovery outcomes, but studies have been unable to draw consistent conclusions, as therapeutic
administration of sex hormones have failed in clinical trials [7]. Additionally, hormonal profiles fail
to account for observed sex effects in pediatric populations where sex hormone production is limited,
thus suggesting the role of sex to be more complex than previously determined.

Age is well defined as an important predictor for functional recovery post-TBI [8,9]. Age and sex
interactions further influence TBI recovery in children as sex differences in developmental patterns
can influence vulnerability to chronic perturbations in response to damage. Consideration of sex in
pediatric TBI pathology and recovery has been detrimentally understudied, often due to low sample
sizes and underrepresented patient populations. Convergent evidence suggests delineation of sex
effects could have important implications for TBI pathophysiology and treatment development. This
review aims to analyze and synthesize the existing evidence regarding the influence of sex on the
developmental trajectories of neuroanatomical structures, white and gray matter compartments, and
the network disruptions that align with sex-specific functional recovery outcomes following pediatric
TBL

Search Strategy and Selection Criteria

The articles in this review were retrieved using the following electronic databases: PubMed,
MEDLINE, Google Scholar, and Web of Science. The search was limited to articles published between
1986 and 2025. Search terms were identified in the title, abstract, and key words using the following
search terms: traumatic brain injury, TBI, pediatric/juvenile/children, sex, gender, gray matter, white
matter, basal ganglia, limbic system, cognition, behavior, motor function, social cognition, attention,
memory, working memory, atrophy, neurodegeneration, alcohol, putamen, globus
pallidus/pallidum, hypothalamus, pituitary gland, thalamus, hippocampus, cerebellum, diffuse
axonal injury, structural connectivity, diffusion tensor imaging, microstructure, cortical thickness,
total gray matter volume, gray matter density, symmetry, functional connectivity, intrinsic
connectivity, extrinsic connectivity, resting-state fMRI/rs-fMRI, task-based fMRI/tb-fMRI, default
mode network/DMN, sensorimotor network, and attentional network.

2. Sexual Dimorphisms in Specific Brain Structures

Recent evidence suggests that fundamental sex differences in brain anatomy and
neurodevelopment may contribute to the observed differences in TBI severity and consequent
prognosis between male and female children [10-13]. Even when controlling for the larger brain
volumes of males, these sex differences are maintained in multiple gray and white matter structures
throughout the brain from pediatrics to adulthood [14-16]. Specifically, sex effects within the basal
ganglia, limbic system, and cerebellum, among other brain structures, may influence the complex
nature of functional outcomes post-TBI (Figure 1). Considering the heterogeneity of TBI recovery,
fundamental sex differences in cortical and subcortical structure size and development may influence
patient recovery more than previously thought and thus remains a critical topic of intensive
discussion.
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Figure 1. Sex Differences in Neuroanatomy, Neurodevelopment, and Functional Outcomes. Variations in
anatomical volume and development of critical brain structures including the basal ganglia, hypothalamus,
pituitary gland, thalamus, hippocampus, and cerebellum may contribute to differences in TBI severity and

recovery outcomes commonly observed between male and female children.

2.1. The Basal Ganglia

The basal ganglia consist of a group of connected subcortical structures located at the base of the
forebrain. These structures play critical roles in decision making, reward-based learning, motor
function, addiction, and contribute to unique and specialized deficits following damage from neural
injury. In 2024, Backhausen et al. found significantly larger volumes in adolescent and young adult
males versus females across subcortical regions including the caudate nucleus, putamen, globus
pallidus, amygdala, and nucleus accumbens [17]. This research expanded upon previous studies in
which sex-specific structural differences were observed in the putamen and globus pallidus in
children and adults [15,16]. Interestingly, sex differences in age-related trajectories were also
observed in these basal ganglia structures with normal healthy adult males demonstrating a higher
degree of progressive atrophy in basal ganglia structures as they age relative to females [14,18].
Therefore, TBl-induced damage and tissue atrophy in the basal ganglia in youth may disturb this
natural age-related trajectory, thus potentially resulting in disproportionally greater cognitive and
emotional deficits in males as they age through adulthood [17,19-22].

In addition to differing psychopathology between males and females, disturbance of the basal
ganglia and its development following TBI has been linked to increased addiction-related behaviors
[23,24]. Seminal animal studies have demonstrated marked sex differences in reward processing and
reinforcement learning, both of which are implicated in drug addiction [25-27]. Recent human
functional MRI (fMRI) investigations supported these findings as reward prediction error-related
brain activity was enhanced in women compared to men and to an even greater extent when estradiol
levels were elevated in both sexes. This is likely due to the effects of estrogen on the mesocorticolimbic
dopaminergic pathway as it passes through the basal ganglion structures [28,29]. Because substance
use disorders and alcohol addictions are common long-term outcomes post-TBI, researchers believe
this may be due to tissue damage within the basal ganglia. One study found that neural activity in
the fronto-basal ganglia network of TBI patients 9-10 years old predicted increased odds of sipping
alcohol by ages 11-13, with males reporting significantly greater alcohol sipping than females [30]. In
a study of students enrolled in grades 7-12, Ilie and colleagues found that males with a history of TBI
were also more likely to report daily nicotine use than females [23].

It is important to note that future studies evaluating post-TBI addiction should also consider
alternative addiction-related behaviors such as internet addiction, social media addiction, gaming
disorders, and mobile phone addiction, all of which are more accessible to children and more socially
acceptable for females. For example, an assessment of childhood TBI patients aged 0-17 years old,
found that males and females displayed significant differences in internalizing versus externalizing
behaviors such that males were more likely to report substance abuse and females were more likely

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.2521.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 November 2025 d0i:10.20944/preprints202510.2521.v1

4 of 23

to report anxiety and depression [31]. Young females with depressive symptoms had significantly
higher risks of internet addiction relative to males [32], while also demonstrating a higher risk of
mobile phone addiction [33,34]. These differences in psychosocial norms and how they relate to
reporting symptoms of physical and mental health among females versus males may therefore
influence the documentation of addiction disorder in TBI patient populations.

2.1.1. The Putamen

The putamen is involved in everyday functions including speech and language, reward
processing, cognition, and motor control. During normal brain development, the putamen has both
age-related volume decreases as well as sex-related volumetric differences, with larger putamen
volumes noted in male children beginning around 8 years of age [35-38]. Females and males also
have different putamen development trajectories, where putamen volumes in female children
decrease until approximately 20 years of age. After 20 years old, the rate of volumetric atrophy
decreases in females. Comparatively, putamen volumes in male children have a slower decrease until
approximately 16 years of age. After 16 years old, the rate of volumetric atrophy increases in males
[17,39,40]. In moderate to severe TBI patients, volume loss in the putamen can contribute to sex-
related differences in cognitive function, attention, emotion control, motor function, and behavior
[20,41,42]. Therefore, the age of the TBI patient and the corresponding point in which the putamen is
undergoing inherent volumetric decreases, exacerbated putamen loss post-TBI may explain the
higher prevalence of functional deficits [43] and cognitive and emotional dysfunction [14,44,45] in
males.

Putamen volume may also serve as a structural neural marker for many neuropsychiatric and
neurodegenerative conditions [46]. Comparable neurological studies have found that putamen
volume is also significantly reduced in patients diagnosed with Huntington’s disease [47], dementia
with Lewy bodies [48], Alzheimer’s disease [49], multiple sclerosis [50], attention deficit hyperactivity
disorder (ADHD) [51], and major depression [52]. In a study investigating subcortical gray matter
volume loss and its relation to executive dysfunction following TBI, loss of putamen volume was
significantly associated with poorer task switching performance [53]. Lower functional independence
scores were also found to be correlated with putamen atrophy in an injury and sex differential
manner [42]. In a 5 year longitudinal study, Simeone and colleagues found TBI induced progressive
volumetric atrophy in subcortical gray matter structures, including the putamen, to occur at a similar
rate to aggressive neurodegenerative diseases and was associated with lowered episodic memory
and executive function compared to healthy controls [54]. In mice, males were shown to be more
susceptible to neurodegeneration following TBI in a Parkinson’s Disease model [55]. Given the
findings of Jenkins et al on distinct striatal dopamine abnormalities in TBI and Parkinson’s Disease
patients, disrupted putaminal dopamine signaling should be considered as a potential mechanism
for TBI. This could also indicate TBI is a premorbid risk factor for Parkinson’s [56]. Therefore, a
patient’s biological sex, age, and associated putamen volume may be a premorbid risk factor that
predisposes patients, particularly males, to worse outcomes post-TBL

2.1.2. The Globus Pallidus

The globus pallidus, also known as the pallidum when considering both the internus and
externus halves, controls conscious and proprioceptive movement and projects into all the other basal
ganglia structures. Since the globus pallidus is a critical structure in basal ganglia circuits,
characterization of its developmental trajectory is essential to gaining a better understanding of motor
and non-motor dysfunctions as a consequence of TBI. This gray matter structure possesses both age
and sex-dependent volumetric differences as males have a greater increase in volume until 16 years
of age, followed by a sharp decline later in life. This contrasts with female neurodevelopment, as the
globus pallidus volume has been found to steadily increase until 24 years of age [14,17].
Understanding how these trajectories influence motor behavior deficits following TBI has become a
major research objective, as recent evidence suggests that volume loss in the globus pallidus due to
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diffuse injury from TBI is significantly correlated with functional deficits [57,58]. Furthermore,
Gooijers et al. demonstrated an association in adults between globus pallidus volumes and alternate
finger tapping, thus demonstrating worse bimanual behavioral deficits in the TBI group, which were
correlated with reduced volume in the globus pallidus [43]. This was recently supported, as United
States military service members with a history of mild TBI demonstrated an association between
significantly smaller globus pallidus volumes and reductions in processing speed performance
involving motor output when compared to controls [59]. Studies such as these suggest volumetric
measures of the globus pallidus may serve as valuable prognostic markers of chronic neural
pathology, which complicates motor control rehabilitation in TBI patients. Interestingly, Niemann et
al. demonstrated in older adults that motor fitness positively correlated with the volume of the globus
pallidus and that coordination training increased globus pallidus volumes leading to improved
patient recovery [60]. This suggests that the globus pallidus may serve as a novel therapeutic target
for more individualized rehabilitation programs and/or treatment interventions such as deep brain
stimulation.

2.2. The Limbic System

The limbic system is also susceptible to damage following TBI which can result in chronic
negative recovery outcomes in cognition, behavior, and autonomic nervous system regulation
[20,61]. Sexually divergent limbic structures include the hypothalamus, thalamus, and hippocampus.
The hypothalamic-pituitary axis is also critically important for the endocrine system, which
influences many aspects of neurodevelopment including homeostatic function.

2.2.1. The Hypothalamus and Pituitary Gland

Recent studies involving the limbic system have revealed MRI-based differences in male and
female hypothalamic and pituitary gland volumes with 7-9 year old males exhibiting significantly
larger hypothalamus and pituitary gland volumes, compared to age-matched females [16,62-64].
Interestingly, this trend is reversed as 14-17 year old females possess significantly larger pituitary
gland volumes, compared to age-matched males [64]. Hypothalamic development rates also differ
between males and females, with males reaching maximum hypothalamus volumes at age 18,
compared to females who reach maximum hypothalamus volumes earlier at 15-16 years old [65].
Given the role of the hypothalamus in maintaining homeostasis and regulating the endocrine system
via hormonal signaling to the pituitary gland, the structural vulnerability of both the hypothalamus
and pituitary—coupled with sex-specific differences in brain volume and developmental
trajectories —may partially account for the diverse hormonal deficiencies observed in TBI patients.

A comprehensive review of the literature spanning 22 years found TBI-related hormonal deficits
ranged from 22.5-86% and multiple hormonal deficits ranged from 5.9-50% in the studied pediatric
population [66]. Additional studies found hypopituitarism incidence ranged from 5-70% in TBI
patients, likely due to the lack of consistency in research methodologies; therefore, making
hypopituitarism one of the most challenging morbidities to correctly identify and treat [67,68].
Hypopituitarism has been found to delay puberty in pediatric TBI populations and can cause
physical and psychological dysfunctions that last well into adulthood [20,69,70]. Additional studies
by Gray et al. and Prodam et al. go on to report a clear association between hypopituitarism and
adverse cognitive outcomes such as memory, attention, language, physical conditioning, and mood
disorders post-TBI [71,72]. In addition to hypopituitarism outcomes, specific growth hormones and
gonadotropins—which are produced by the pituitary gland and regulate sexual development,
reproduction, and growth—are commonly deficient in TBI patients [20,67,73]. This may help to
explain sex-related differences in TBI recovery outcomes between male and female children [74,75].
Niederland et al. reported 42% of all TBI children showed insufficient growth hormone response and
73% of these cases were males [76]. Agha et al. determined decreased sex hormones affected primarily
males post-TBI with lasting effects on fertility, psychosexual function, and general well-being. It was
also found to affect the level of energy and motivational status, and not least, the mortality rate of
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male patients secondary to cardiovascular disease [77]. Studies investigating the intricate relationship
between hypothalamic and pituitary gland volumes and development in collaboration with TBI
location and severity are important to identify potential endocrine complications, which could be life-
threatening and impact patients” overall quality of life.

2.2.2. The Thalamus

The thalamus primarily functions to receive, process, and relay sensory information to the
cerebral cortex, thereby contributing to states of consciousness, attention, cognition, and memory.
Recent MRI-based studies revealed sex-based differences in thalamic volumes and developmental
trajectories from childhood through adulthood [14-16]. Although there is some discrepancy in the
literature on which sex has greater thalamic volumes, it is likely that the age ranges and sample sizes
of these studies prevent cohesive results. For example, Xie et al. and Sowell et al. demonstrated sex
affected the size of the thalamus, with female children and adolescents having larger thalami relative
to gray matter and brain volumes [36,78]. More recently, Wagner and colleagues saw lateralization
effects in pediatric populations where the females’ left thalamus volume increased by 17.3% and
peaked at 16-17 years old, and the right thalamus volume increased by 11.4% and peaked at 11-12
years old [65]. Comparatively in males, the left thalamus volume increased by 23.2% and peaked at
15-16 years old, and the right thalamus volume increased by 20.7% and peaked at 17-18 years old
[65]. This illustrates the delicate balance between sex and age on thalamic development. Given these
differences, it is important to consider that the impact of TBI on the thalamus may vary depending
on the child's age at the time of injury due to ongoing brain development. The thalamus is particularly
vulnerable to shearing effects during TBI and consequent interruptions to thalamic development and
volume loss have been shown to reduce cognitive and motor performance [20,43]. Unfortunately,
there is limited research on symptoms and functional recovery directly related to sex differences in
thalamic damage in pediatric TBI populations.

Reduced cortical thickness and deformation in key thalamic subregions that operate as part of
the dorsolateral prefrontal cortex circuitry were significantly correlated with decreased executive
functioning in pediatric patients [79]. Although not directly examined, understanding the thalamus'
role in executive functions—such as planning and emotional regulation —adds nuance to the findings
reported by Keenan and colleagues. Their study indicates that males aged 6-11 years old exhibit
poorer executive function outcomes, particularly in emotional control, with additional evidence
suggesting that male children demonstrate greater deficits in planning and organizational tests [80].
Another study found male children alone were predisposed to new onset compulsions which were
significantly associated with thalamic lesions induced by TBI [81]. Given the different volumes and
developmental trajectories of the thalamus in males and females, TBI-induced tissue damage could
exacerbate atrophy trajectories.

2.2.3. The Hippocampus

The hippocampus is an integral structure of the limbic system and is primarily associated with
declarative and spatial memory. More specifically, the hippocampus is responsible for
autobiographical memory and the conversion of short-term memory to long-term memory [82].
During pediatric development, the hippocampus undergoes increased growth trajectories from 8-10
years old and then peaks in volume at around 16 years old [65]. Although sex differences in
volumetrics have been widely reported, some researchers state female children possess greater
hippocampal volumes, which were maintained throughout adolescence [16,82], while others
reported larger volumes in males [83]. It is important to note that in order to avoid such discrepancies,
future investigations should not only account for differences in total brain volumes between males
and females, but also avoid voxel-based morphometry technologies which have been found to be too
ambiguous to consider sex-based volumetric differences and age trajectories [16,82,83]. With these
analytics considered, the hippocampus was found to be significantly smaller in males compared to
females at 8-15 years old while controlling for both total brain volume and body size [84-86].
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Sex-related differences in hippocampal development trajectories also remains a hotly debated
topic. Early studies reported smaller hippocampi volumes in males were accompanied by decreased
hippocampal development rates when compared to females [87]. Meanwhile, follow-up longitudinal
studies have not found sex-related differences in developmental trajectories [88,89]. Observational
neuroimaging data suggest that differences in hippocampal development may also be sensitive to
sex steroid and chromosome effects. In a sample of 8-15 year old males and females, Neufang et al.
found a larger hippocampus volume was related to increased levels of testosterone in both sexes
[86]. Peper et al. showed changes in sex steroid availability during puberty and adolescence triggered
structural reorganization of the hippocampus in the developing brain, as early pubertal females had
less gray matter density in the hippocampus compared to non-pubertal females [90-92]. Collectively,
variations in hippocampal segmentation methods may contribute to observed differences in
developmental trajectories [93] and it is thereby recommended that conclusions regarding sex-biases
in volumetrics and the timing of hippocampal maturation must include functional data analysis tools
(e.g., multi-atlas automated subcortical segmentation, semi-parametric spline-based methods, and
surface area change trajectory models) of milestone timing for multiple brain regions [94].

TBl-induced tissue damage to this critical brain region also demonstrates sex-bias. Research
suggests inherent differences in hippocampal volume between male and female children results in
differing hippocampal function and recovery. Because a loss of >20-30% of the dorsal hippocampus
and >39-52% of the ventral hippocampus is required to observe hippocampal-dependent learning
impairments [95], inherently smaller hippocampi volumes in male children may help explain why
males are more susceptible to cognitive deficits including greater impairments in learning and
declarative memory when compared to females [82,96,97]. Conversely, increased hippocampi
volumes in females may help explain differences in verbal and non-verbal memory test performance
post-TBI with male children performing significantly worse [98]. Furthermore, it has been
hypothesized that inherently larger hippocampi volumes in females may contribute to improved
encoding of long-term memories as well as spatial processing and navigation [99,100]. In the context
of hippocampal involvement in the social brain network, male mice have demonstrated greater
impairments in adult psychosocial behaviors —particularly in social recognition —following pediatric
TBI. These deficits have been linked to alterations in neuronal morphology within the hippocampus
and medial prefrontal cortex. [101]. Davila-Valencia and colleagues further found altered
neurogenesis within the hippocampus to have a trending sex effect, with females showing reduced
proliferation and short-term survival of newborn cells, which was further linked to observed sex
effects in behavioral testing [102]. Collectively, these studies highlight the need to consider
differences in hippocampal volume, developmental rates, and atrophy trajectories between males
and females while assessing hippocampal tissue damage post-TBI. This could help explain
variabilities in learning and memory deficits and improve prognostic measurements.

2.3. The Cerebellum

The cerebellum is responsible for a diverse number of functions ranging from motor control to
cognition and emotion. Highly connected to the rest of the brain, the cerebellum influences specific
aspects of cognitive development including executive function, cognitive planning, personality, and
learning [103-105]. Recent evidence has found that cerebellar gray matter is closely related to
cognitive function and volumetric analysis can be reliably used as a predictor of cognitive
performance in children [104]. Furthermore, both sex and age have been identified as key mediators
of cerebellar development [103-105]. Although male children demonstrated greater absolute gray
matter volumes than females, distinct cerebellar lobules have been found to be larger in females when
compared to males [15,103,106]. Female cerebellar volume has been found to peak around 12 years
of age, as opposed to males who peak closer to 16 years of age, thus providing further evidence of
the interplay between age and sex [83,103]. Additionally, the cerebellum develops in an anterior-to-
posterior gradient in 6-10 year old children, where the posterior gray matter volume is larger than
that of the anterior [105]. This white-gray matter ratio adapts from a negative to a positive
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relationship with cognitive functioning in adolescence, thus indicative of cognitive function
acquisition during childhood [103,105].

Evidence for sex-based differences in cerebellum-related functional recovery following TBI also
exists at the genetic level. For example, cerebellar damage is linked to circadian rhythm disruption,
including sleep wake phase disorders, through altered clock gene expression. Sgro and colleagues
demonstrated sex differences in expression of Clock and rev-erb-a genes in response to mild TBI in
adolescent rats, wherein females showed reduced circadian time 0 expression, with sex-specific
patterns for the following 24 hours [107]. Furthermore, knockout of the RBM5 gene in mice was
associated with more visual deficits in males following TBI than females, which the authors thought
to be related to sexually dimorphic effects of knockout on regulation of the RIMS2 gene [108].
Understanding sex differences in disrupted gene expression in the cerebellum following TBI offers
unique insight to functional recovery challenges and offers therapeutic targets to overcome them.
This is important as cerebellar regions can be specifically tied to cognitive functions and disruption
can induce neuropsychiatric dysfunction [103,106]. Collectively, these cerebellar differences and their
consequential impact on executive function and cognition, add a level of nuance to the understanding
of how cortical atrophy of the cerebellum influences functional outcomes post-TBIL.

3. Sexual Dimorphisms in Specific White and Gray Matter Compartments

White and gray matter tissues have different physical, metabolic, and cytoarchitectural
properties which make them uniquely vulnerable to TBI effects. These unique variables influence
mechanical transmission of force and result in distinct pathophysiology and neurodegeneration.
White matter is composed of axons that originate and terminate in gray matter which can be
myelinated or unmyelinated depending on developmental stage and specific function. White matter
is also comprised of oligodendrocytes, which function to myelinate the axons, and fibrous astrocytes,
which serve a wide range of functions including modulation of inflammation [109,110]. White and
gray matter compartments have specialized roles and effects on cognitive function, including
processing speed, short- and long-term memory, and attention, as well as behavioral functions, such
as mood regulation. Damage to white and gray matter compartments caused by TBI are intrinsically
related, as neurodegeneration of one frequently results in progressive loss of the other. Both white
and gray matter have demonstrated sex-mediated differences, which in the context of TBI, could
further affect the resiliency of tissue to damage.

3.1. White Matter

White matter is a highly organized tissue with its own cytoarchitecture and developmental
trajectories that play an essential role in brain function. White matter function is centered around
communication, wherein signals sent between gray matter regions are propagated by the myelinated
axon tracts [111]. White matter microstructure integrity across the complex network of connections
is integral to brain function and damage is becoming increasingly associated with cognitive
dysfunction and psychiatric disorders [111]. However, there are a broad range of influencing factors,
including sex, genetics, and environmental cues, that affect white matter development and resiliency
to damage [111-113]. The interplay of these factors in combination with white matter damage could
result in increased vulnerability to dysfunction, as signals are no longer sent or received at their
normal rate. While sex differences in adult white matter have been firmly established in the literature,
pediatric white matter sex differences have been investigated to a lesser extent [112,114]. Previous
studies suggest sex differences in white matter are dependent on gonadal hormones and
consequently appear during pubertal development [115,116]. However, Lawrence and colleagues
found that sex influences in microstructure likely begin before the age of 10 [112]. These discrepancies
are thought to be the result of insufficient diffusion tensor imaging (DTI) sensitivities and small study
sizes with wide and variable age ranges [112]. Furthermore, as global white matter increases from
childhood to adolescence, sex is seen to play a greater role in microstructure organization as indicated
by diffusion metrics [115].
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Shearing forces sustained during TBI cause diffuse axonal injury which is correlated with white
matter microstructure damage. Given the essential role of white matter in cortical communication,
disruptions due to injury have the potential to induce long-term dysfunction. Growing evidence
suggests that even mild TBI-induced white matter damage can result in chronic deficits in cognition
and behavior [117,118]. Of particular concern is pediatric TBI patients due to their unique alignment
of a high incidence demographic with important neurodevelopmental periods. Following pediatric
TBI, regional decreases in fractional anisotropy (FA), a key DTI-based measure of white matter
integrity, were found to correlate with 12-month post-injury IQ scores. In accordance with the
progression of abnormal FA values seen at chronic timepoints, neural repair and reorganization
appeared to occur in a regional pattern [117]. White matter microstructure damage, as evaluated by
FA and diffusivity measures, has been shown to be predictive of chronic recovery outcomes [118].
Long-term impacts of TBI, which are correlated with white matter microstructure and integrity,
include deficits in cognitive functioning, such as social cognition and attention, as well as mood
disorders [119-121]. Fundamental sex differences in regional white matter metrics and development
in pediatric TBI may mediate recovery outcomes. Sex differences in FA measures localized to the
uncinate fasciculus following TBI have been demonstrated to be predictive of time to symptom
resolution in adults [122]. Regionally specific sex differences in white matter microstructure, as
indicated by FA and diffusion metrics, are likely to be implicated in TBI recovery and may influence
progression of negative cognitive and behavior outcomes as a function of predisposition in males or
females.

Support also exists for sex-related differences in mood disorders, including depression and
bipolar disorder [123], whereas TBI has also been documented as a risk factor for these mood
disorders. This begs for further investigation of sex differences in the neuroanatomical foundations
of these disorders and how damage caused by TBI can result in parallel conditions. Sex was found to
influence FA values in white matter microstructure connecting the prefrontal cortex and limbic
system, which were associated with the differing relationships adult males and females have with
stress reactivity [124]. Novel Conduct Disorder and Oppositional Defiant Disorder were observed in
approximately 14% of moderate to severe pediatric TBI patients with a significant association with
frontal white matter lesions [125]. These behavioral disorders were further mediated by sex, where
male children were more likely to develop comorbid ADHD, as opposed to increased predisposition
to comorbid depression in females [125]. Nishat and colleagues found a correlation between
disrupted superficial white matter maturation and increased internalizing behavior, independent of
premorbid conditions, in female children following TBI [126]. This research builds upon previous
findings in which increased premature white matter maturation in deep and superficial white matter
in females following TBI was further associated with worse performance on cognitive assessments
including the Picture Vocabulary Test and Pattern Comparison Processing Speed Test of the NIH
Toolbox [127]. Alternatively, adult male athletes with sports-related concussion were found to have
increased white matter microstructure impairment compared to females with similar injuries and
reported worse symptoms [128]. This research may indicate important age and sex interactions which
influence TBI recovery. White matter in female children may be less resilient to TBI compared to male
children, thus leading to less cognitive recovery and increased vulnerability to internalizing
behaviors. However, adult males appear to show a different response, which further delineates a
unique pathophysiology that is dependent on both sex and the developmental period.

Sex differences in the morphometry of white matter tracts connecting the orbitofrontal cortex
and nucleus accumbens, which are implicated in reward and punishment behaviors, were identified
and linked to pubertal status in male, but not female, adolescents [129]. Additionally, the maturation
of the microstructure was linked to sex differences in punishment sensitivity, with male adolescents
with more fiber density and cross-section in the tract reporting less punishment sensitivity [129].
Similarly, a cross-sectional study found FA in the accumbofrontal tract peaked higher and earlier in
male adolescents compared to female adolescents (13.9 vs. 18.6 years of age, respectively) [130]. These
findings describe neural underpinnings which may be associated with increased risk-taking behavior
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in male adolescents, and indeed converge with the results of a longitudinal study that found
sensation-seeking relative to impulse control trajectories were higher, with longer windows of
increased disparity, in male compared to female adolescents [131]. Given the involvement of the
reward and punishment system, and its interplay with the cognitive control system, addiction and
conduct disorders may exhibit some shared neural network correlations, thus lending further context
to sex-influenced behavior outcomes post-TBI. Disruptions in white matter have been limitedly
characterized for alcohol abuse in adults, showing reduced FA in major white matter structures such
as the corpus callosum, with greater reductions for males [132,133]. These findings remain to be
confirmed in youth populations as investigation into white matter microstructure damage following
TBI and its correlation with subsequent addiction outcomes overall is lacking. Given the evidence for
innate sex differences in the white matter tracts associated with addiction pathology and the
sensitivity of this tissue to TBI-related damage, future studies should consider sex as an underlying
variable in propensity for addiction outcomes.

3.2. Gray Matter

Total gray matter volume is generally accepted to decline after it peaks around 2 years of age in
humans [134]. However, it has been demonstrated that while gray matter volume decreases, gray
matter density continues to increase with strong age and sex associations [134]. For example, two
brain regions may have the same gray matter volume, but one could have a higher gray matter
density if the neurons are more tightly packed within that region. While females have lower total
gray matter volume, their gray matter density is higher than that of males [134]. Evidence has also
shown the variability of gray matter volume throughout the brain to be associated with sex from
pediatric to geriatric demographics [135]. Additionally, gray matter symmetry, which is thought to
be established during neurodevelopment, has been shown to be influenced by sex both in total gray
matter volume as well as within specific structures and regions [136,137]. A study spanning pediatric
to adult data found female brains were more symmetrical globally, with some specific structures and
regions showing greater symmetry in males [136]. Comparatively, a pediatric-only study did not find
a global sex effect on symmetry, but did observe that female children exhibited more regions of
asymmetry, while male children showed a greater magnitude of asymmetry within specific regions
[137]. There are inconsistencies in the literature in regards to the sex effect on total symmetry as well
as in the pallidus, putamen, and Hesch’s Gyrus [136,137]. However, differences in sample size,
region of interest, and analysis methods must be considered as contributors for these discrepancies.
In a large pediatric study, Kurth and colleagues noted significant increased asymmetry in the rostral
anterior cingulate, thalamus, and nucleus accumbens in females, and significant increased
asymmetry in the superior temporal gyrus and inferior parietal cortex in males with no relation to
age [137]. Whole brain and regional gray matter volumes are associated with cognitive ability and
function, which are closely related to behavior [134,135]. Moreover, lateralization of total and regional
gray matter, while typical under normal developmental conditions in healthy individuals, was
associated with predisposition to cortical diseases [136,138]. As such, sex differences in total and
regional gray matter volumes, combined with asymmetry effects, may correlate to sex differences in
behavior and cognition, especially in cases of dysfunction patterns related to tissue injury.

It is well established that TBI induces gray matter neurodegeneration that is not only confined
to the acute window, but can persist for years after injury and alter functional outcomes
[43,58,139,140]. TBI has been shown to cause premature atrophy trajectories associated with aging
and predispose patients to disease states associated with neurodegeneration [139-142]. In adult cases
of mild TBI, 80% of the gray matter structures were found to exhibit higher trajectories of decline
compared to controls, resulting in neural atrophy patterns that do not reflect patients’ chronological
age [142]. Belchev and colleagues observed that neurodegeneration following severe adult TBI does
not attenuate over time, indicating persistently higher rates of premature atrophy [139]. However,
even in children, the heightened rate of brain atrophy and corresponding increased brain age due to
progressive neurodegeneration following TBI predisposes individuals to neurodegenerative diseases
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in addition to dysfunctions sustained from the original injury [140]. TBI sustained at an early age
increases the risk factor of disease due to the introduction of premature neurodegeneration during
periods of critical growth and neurodevelopment. Sex differences in total and regional gray matter
volume may influence recovery trajectories as having more or less gray matter prior to injury could
mediate threshold effects in volume loss—beyond which deficits in cognition, motor function, and
behavioral processing may emerge. Additionally, sex-influenced asymmetries in gray matter will
further exacerbate or protect impacted regions and influence long-term outcomes. Further
investigation of the influence of sex on total and regional gray matter volumes and asymmetries using
imaging and other non-invasive approaches are needed to elucidate key factors in recovery
variability and in patterns of neurodegenerative disease incidence as it relates to TBI.

4. Sexual Dimorphisms in Functional Connectivity

Functional brain networks undergo profound changes during childhood and adolescence.
Developmental changes in networks lead to increased network integration, efficiency, organization,
and specialization [143]. These structural and functional network developmental changes are
essential to normal maturation of function. Unfortunately, these networks possess limited
compensatory potential, and damage often results in persistent neurological and functional deficits.
Emerging evidence has found the default mode, dorsal attention, salience network, social brain, and
sensorimotor networks are particularly implicated in pediatric TBI with notable differences between
males and females (Figure 2) [144-147].
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Resting State Functional Connectivit \ ’ / Resting State Functional Connectivil \\
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Figure 2. Sex Differences in Resting State and Task Based Functional Connectivity. Resting state and task

based functional connectivity analyses demonstrate unique differences in network organization, lateralization,

and patterns of connectivity that are dependent upon both the age and sex of TBI patients.

4.1. Resting-State Functional Connectivity

Resting-state functional connectivity occurs in the absence of an external stimulus and is
reflected by resting state networks which are involved in cognitive, behavioral, and sensory functions
to name a few [148]. Altered connectivity of resting-state networks has been noted in neurological
and psychiatric conditions, and disruptions caused by TBI have been correlated with worse outcomes
with sex emerging as a particular variable of interest [147,148].

Sex differences in functional connectivity have been demonstrated to emerge pre-puberty and
persist well into adulthood [149]. For example, females were found to exhibit more within-module
connectivity in a convergent pattern across network scales (i.e., connections to individual network
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nodes to entire networks), whereas males exhibited greater between-module connectivity (i.e., higher
participation coefficient) [149]. The authors observed that, among individuals in the study, the extent
to which their brain connectivity patterns aligned with those typically associated with males or
females was significantly positively associated with sex-specific patterns of cognition; specifically,
those exhibiting more male-typical connectivity patterns demonstrated superior performance on
assessments traditionally favoring males [149]. For example, individuals with a higher level of
between module connectivity (i.e.,, male-typical pattern) showed superior performance on spatial
accuracy, language reasoning accuracy, and speed in a finger tapping test of motor function, thus
reflective of a more male cognitive profile. However, individuals showing a higher level of within
module connectivity (i.e., female-typical pattern) were correlated with better performance on emotion
identification tests, a female dominated assessment [149]. This pattern of connectivity further
suggests that female brain connectivity exhibits greater functional segregation considering accepted
hierarchical organization of networks [150]. Sex specificity in network organization and patterns of
cognition could help explain why some individuals are more resilient towards functional deficits. For
example, better female performance and faster recovery on tests of facial emotion recognition
following pediatric TBI could potentially be explained by this pattern of female-typical connectivity
being more resistant to impairment [151].

Another important functional connectivity consideration is lateralization (Figure 2). The degree
to which component structures of networks show hemispheric lateralization and activation
specificity is dynamic, but specific to structures. Agcaoglu et al. reported both an age and sex
interaction regarding lateralization of resting state networks in 6-10 year old children [152]. Notably,
children exhibited both increases and decreases in lateralization of various networks at different
stages of development, in contrast to adults, where laterality decreased with age [152]. Furthermore,
males were found to have greater lateralization in activation of the left medial occipital gyrus, right
middle frontal gyrus, right precentral gyrus, and right middle temporal gyrus components of the
executive control network (i.e, cognitive control network) [152]. Females showed greater
lateralization in the left superior parietal lobe of the sensorimotor network and the right superior
frontal gyrus of the default mode network [152]. The greater degree of lateralization of the executive
control network in the right middle frontal gyrus in male children may be related to male prevalence
in development of secondary ADHD post-TBIL. Higher cerebellar functional connectivity values in
the right and left middle frontal gyrus were identified in children with ADHD [153]. Following
damage due to TBL male prevalence in comorbid ADHD development could arise in part due to
compensation strategies increasing connectivity in the contralateral middle frontal gyrus.
Alternatively, female right lateralization of the right superior frontal gyrus of the default mode
network is believed to be an important underpinning for superior social cognition. The default mode
network is predominantly bilateral and plays important roles in social cognition through episodic
memory, self-referential processing, including that of social interactions and feelings. The right
superior frontal gyrus is involved in a few different networks and thought to contribute to self-
awareness. Greater lateralization in females could underlie superior self-awareness which could
correlate with improved social cognition. Furthermore, Johnson et al. believes this characteristic
could also help explain greater reporting of post-concussive emotional symptom load in female
children [154]. Comparatively, a small study by Tuerk and colleagues noted increased resting state
connectivity between the left superior frontal gyrus and the left fusiform gyrus seeds of the social
brain network in adolescent TBI patients with social dysfunction, though they were not able to make
significant brain-behavior associations [146]. Perhaps this node, being utilized in multiple
complementary networks which are impacted by TBI, should be considered a key hub for mediation
of social function following injury. Understanding innate lateralization effects may help researchers
to find sex-specific patterns within the network organization complexities of normal and aberrant
social processes.

TBI can disrupt the functional connectivity of the brain through direct impact, diffuse injury,
and secondary injury which can damage functional nodes and connections. Resting-state connectivity
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disruption has been demonstrated to impact the social brain, default mode, sensorimotor,
somatosensory, and executive control networks in addition to others, which contribute to cognitive,
behavioral, and motor dysfunction outcomes in both children and adults [144-146,155,156]. The
social brain network, composed of connectivity between the superior temporal sulcus, temporal pole,
and orbitofrontal cortex, among other anatomical regions, undergoes change during developmental
periods and is responsible for social cognition and behavior [146]. Alterations of this network
following TBI have been linked to impairments in social functioning across age groups, but pediatric
populations are likely to be predisposed to worse outcomes due to coinciding developmental
disruption [146]. The default mode network plays a critical role in both acute and chronic outcomes
following TBI. Better preservation of default mode network integrity has been correlated with
recovery of consciousness in the acute stage of TBI, as well as improved behavioral and functional
outcomes at chronic stages in both children and adults [145,157]. In pediatric TBI cases, one study
found increased connectivity between the default mode network and right dorsal premotor cortex
correlated with worse motor function [144]. The dorsal attention network, showed similarly increased
connectivity with the sensorimotor cortex following TBI, which was correlated with better motor
performance, indicating what the authors believed to be a compensatory mechanism to restore motor
function following damage [144]. The motor network is implicated in TBI outcomes as a neural
underpinning for disruption of response inhibition, which is commonly seen in children following
TBI [158]. The sensorimotor network —as a whole—shows altered patterns of connectivity post-TBI,
wherein patients with attention deficits had better performance in cases where there was stronger
functional connectivity, possibly indicating another compensation mechanism in adults [156]. Taken
together, these studies show that some compensatory changes in functional connectivity post-TBI can
be maladaptive, while others restore function. One common strategy for compensatory function
appears to be recruitment of networks which can aid in top-down control of the damaged function.
It is important to note the sparse nature of literature that is specific to pediatric responses following
TBI and further studies are needed to robustly account for influences due to age and the effects of
longitudinal aberrant development of these networks.

Investigation into sexually influenced patterns of resting state functional connectivity disruption
following TBI has been limited. However, one study found adult male TBI patients have greater
connectivity in the motor, executive function, and cerebellum networks compared to female adults
[159]. Alternatively, in a similar study done in a pediatric population, more alterations in resting-
state functional connectivity patterns were found in female children compared to males, which
persisted for at least a month [147]. Networks which displayed sex-specific alterations in connectivity
included components of the salience and default mode networks [147]. It is important to note that
both studies involved cohorts of mild TBI only, suggesting the observed sex differences in network
connectivity pattern alteration following TBI is a sensitive phenomenon. Furthermore, it is
hypothesized by both studies that challenges in delineating TBI symptom relationships with resting
state fMRI disturbance may be better elucidated with the consideration of sex as a biological variable
[147,159]. However, given the differences in age and consequent development between the two
studies, despite similarities in objective and injury severity, the sex influence on the implicated
networks is profoundly different. As such, the link to sex differences in symptom presentation may
be more subtle than previously described.

4.2. Task-Based Functional Connectivity

Some networks activated as a result of external stimulation, referenced by task-based functional
connectivity, have demonstrated sex effects in adults and, consequently, may also be impacted in
children [160-163]. For example, there is support for the influence of sex on cerebrovascular reactivity
that underlies fMRI signaling as males have been found to have higher reactivity values compared
to females [164]. Other studies have found age and sex differences in task-based functional
connectivity measures involving episodic and spatial memory tasks (Figure 2) [160,161]. The
implication of sex differences in episodic memory tasks and memory-related disorders are suggested
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to be correlated with age-related declines and differences in functional connectivity patterns of
episodic encoding and retrieval of spatial context processes [161]. Specifically, females showed
greater activity in the lateral frontoparietal-related cognitive control and parahippocampal gyrus
processes, which showed alterations in patterning as a function of advancing age. This may explain
sex differences in memory decline [161]. Furthermore, age-related deficits in spatiotemporal context
episodic memory are related to greater between-network integration in females and increased dorsal
attention network-default mode network connectivity in males [160]. Sex differences in the task-
based functional connectivity of the sensorimotor network have also been observed where females
had lower volumes of brain activation and lower patterns of variability compared to males in motor
tasks (Figure 2) [165]. It is important to note that these studies were conducted in adult populations
and therefore do not account for the critical influence of age, as previously discussed. In addition to
more research on sex differences in different task-based functional connectivity patterns throughout
the brain, specific investigation is needed on when these sex differences in task-based connectivity
emerge and how neurodevelopment changes network activation patterns in pediatric populations.

In pediatric TBI, disruption of task-based functional connectivity which results in impaired
attention can further exacerbate functional deficits [162]. Pediatric patients who developed ADHD
following TBI experienced worse behavioral and cognitive recovery at a ~7-year follow up [166].
Attention and executive function deficits were observed 7 years post-injury even in patients without
diagnosed secondary ADHD [167]. Attention-related deficits have been significantly associated with
abnormal topology of gyri in the parietal and temporal regions, to the extent a deep learning model
was able to use alterations of these structures to identify pediatric TBI and predict future attention
dysfunction [162,168]. Strazzer and colleagues provided evidence that when performing a sustained
attention task following acquired brain injury, altered activation of structures within the attention
network led to a decreased ability to recruit additional components of the attention network as task
difficulty increased [169]. This altered activation is likely indicative of a default compensatory
strategy of the attention network, in which increased load and strain, in addition to its own damage,
may result in attentional disorders. Furthermore, increased activation in the frontotemporal
regions—in addition to other components of working memory circuitry —have been associated with
working memory impairments following pediatric TBI [162,163]. In the subacute period of TBI,
Manelis and colleagues found pediatric patients were unable to activate the left inferior frontal gyrus
during more difficult working memory tasks and recruit the left orbitofrontal cortex 6 months post-
injury [170]. Westfall and his team assessed 1-year post-TBI patients and found increased activation
of the frontotemporal regions and more recruitment in comparison to healthy controls during
difficult working memory tasks [163]. Similarly, motor task impairments were correlated with
alterations in parietal functional connectivity, while decreased activation in the motor cortex and
anterior cingulate were associated with impaired inhibitory control processing [162,171].
Impairments of the primary motor cortex, and to a greater extent, the system level functional
connectivity of the left parietal cortex, were correlated with worse regional efficiency and inattention
in children, which further correlated with decreased performance in attention, working memory, and
motor function tasks following TBI [162]. Further research on sexually influenced patterns of
connectivity, specifically in the context of compensation and reorganization patterns following
pediatric TBL, may help develop therapeutic targets for better functional recovery.

5. Considerations and Limitations

Assessment of sex influences on pediatric neurodevelopment is challenging due to the complex
interplay between sex and other key biological variables, a high degree of variability in injury-specific
parameters, and research study limitations (e.g., small sample sizes). Sex influences on TBI in both
structural and functional vertices (Figure 1 and 2) have been frequently noted to have a dynamic
relationship with age and neurodevelopment, in addition to the unique influences of distinct genetic
backgrounds and environmental cues leading to variable responses. Furthermore, when evaluating
human databases there is a high degree of variability in injury mechanisms which further influences
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patterns of damage. For example, combined rotational and focal injuries and differing degrees of
cortical and sub-cortical tissue damage that are not commonly observed in controlled animal models.
Studies with larger sample sizes can help to identify common elements across these variables, leading
to more robust conclusions. However, larger studies with more patients have been limited. Most
studies assessed in this review looked at smaller populations and were unable to complete
longitudinal evaluations. This limited capacity to assess neuropathology from acute to chronic stages
restricts our ability to understand the effect of sex on recovery. Additionally, the rapid growth and
development of children means that 6-10-year-old children are not directly comparable to 0-4- or 14—
17-year-old children, despite many studies analyzing all combinations of ages without defined
comparable periods. As such, studies could be missing age-specific biomarkers of pathology which
could help explain differing trajectories of recovery between younger and older children.

Additionally, most of the research evaluated in this review focused on MRI-based analytical
approaches, which can be quite heterogenous due to differences in MRI scanners, coils, collection
protocols, post-processing pipelines, atlases, and other key analytics. Finally, a considerable
limitation in assessing functional connectivity included discrepancies in structures involved within
individual networks. For example, the superior frontal gyrus is considered part of the default mode
network in some studies, but not all. This makes comparison of networks across studies more difficult
as the activation of a given structure can give rise to very different results or interpretations.
Evaluation of sex differences in the context of pediatric TBI should therefore be characterized in the
context of relationships with other critical variables (e.g., developmental stage) and utilized analytical
techniques.

6. Conclusions

Pediatric TBI patients have been previously considered by the field to have greater likelihood of
recovery due to neuroplasticity. However, disruption of the dynamic, tightly controlled, ongoing
development of the pediatric brain can instead result in worse outcomes across all injury severities.
Patient-specific factors should be considered with the same degree of interest as injury-specific ones,
but knowledge gaps in TBI pathophysiology continue to prevent development of treatments. Sex as
a biological variable in pediatric TBI pathology is a critically understudied component of structural
and functional neural connections of recovery. Sex influences in gray matter structural volumes and
developmental trajectories may affect resiliency to threshold volume loss deficits and can induce
premature atrophy in the developing brain. Gray matter compartmental volume and density and
white matter microstructural integrity highlight innate sex effects which translate to greater
internalizing behavioral deficits in female children, compared to greater externalizing behavioral
deficits in male children. Sex influences in functional connectivity may further affect compensatory
strategies following damage and underlie cognitive, motor, and behavioral sequelae. Sex effects also
show a strong interplay with age, thus illustrating nuanced differences in recovery throughout
childhood and adolescence. Further elucidation of how sex influences neurodevelopment and
functional recovery following pediatric TBI is an important step in addressing knowledge gaps to
provide more informed care for this vulnerable patient population.
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