1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2021
April 01.

Published in final edited form as:
Biol Psychiatry Cogn Neurosci Neuroimaging. 2020 April ; 5(4): 381-391. doi:10.1016/
j-bpsc.2019.12.006.

Nervous and Endocrine System Dysfunction in Posttraumatic
Stress: An Overview and Consideration of Sex as a Biological
Variable

-, HHS Public Access
«

Antonia V. Seligowski, PhD12, Nathaniel G. Harnett, PhD12, Julia B. Merker?, Kerry J.
Ressler, MD, PhD1:2
1Department of Psychiatry, Harvard Medical School, Boston, MA, USA

2Division of Depression and Anxiety, McLean Hospital, Belmont, MA, USA

Abstract

Decades of research into the biological mechanisms of PTSD suggests that chronic activation of
the stress response leads to long-lasting changes in the structure and function of the nervous and
endocrine systems. While the prevalence of PTSD is twice as high in females as males, little is
known about how sex differences in neuroendocrine systems may contribute to PTSD. In response
to the paucity of research on sex-related mechanisms, the National Institutes of Health created a
policy that asks researchers to consider sex as a biological variable (SABV). This review provides
an overview of the current understanding of nervous and endocrine dysfunction in PTSD (e.g.,
neural circuitry, autonomic arousal, hormonal response), highlighting areas where the influence of
sex has been characterized and where further research is needed. We also provide
recommendations for using the SABV policy to address specific gaps in PTSD neuroscience
research.
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1. Introduction

Upon perceiving threat, a complex interplay of nervous and endocrine system activity
commences, ultimately leading to a cascade of hormone release and physiological changes
that prepare an organism to respond (i.e., the stress response). In the case of posttraumatic
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stress disorder (PTSD), individuals experience these reactions long after the immediate
threat has passed, leading to long-lasting changes in the structure and function of the
nervous and endocrine systems (1-5). While epidemiological research consistently finds that
PTSD is about twice as prevalent in females compared to males (6), the field is still nascent
in its understanding of how these alterations differ among females. In response to the paucity
of this research across disciplines, the National Institutes of Health have issued an institute-
wide policy that asks researchers to consider sex as a biological variable (SABV).
Application of the SABV policy may include sex-based research designs, analyses, and/or
reporting in animal and human studies. This review provides an overview of the current
understanding of nervous and endocrine dysfunction in PTSD (e.g., neural circuitry,
autonomic arousal, hormonal response; Figure 1), highlighting areas where sex-based factors
have been characterized and where further research is needed (Figure 2). We also provide
recommendations for using the SABV policy to address specific gaps in PTSD neuroscience
research.

2. Central nervous system dysfunction

2a. Functional correlates with neuroimaging

The neural circuitry that mediates defensive responses to threat has been heavily implicated
in PTSD (7-11). Prior research has noted increased amygdala and decreased ventromedial
prefrontal cortex (vmPFC) activity and decreased functional connectivity among males and
females with PTSD compared to trauma- and non-trauma-exposed controls (7, 10, 12-15).
These patterns suggest that PTSD is associated with decreased regulation of defensive
responses, leading them to be over-expressed. Further, reduced hippocampal activation and
dysconnectivity within both males and females has been associated with PTSD during
retrieval, such that individuals with PTSD fail to recall when a situation is effectively safe
compared to trauma-exposed controls (3, 16). Recent work has also implicated the locus
coeruleus (a brain stem region important for norepinephrine production) in PTSD, as it may
play a role in hyperarousal (17, 18). Together, this research suggests that the neural circuitry
involved in defensive behavior is more easily engaged and not sufficiently inhibited in
individuals with PTSD (indicative of exaggerated fear responding in safe situations; see
Figure 1).

Few studies have considered the impact of SABV on these phenomena. A recent meta-
analysis reported that in response to emotional visual cues, females show greater amygdala,
hippocampus, and locus coeruleus activity, but reduced mPFC and anterior cingulate cortex
(ACC) activity, compared to males (19). In PTSD, females have demonstrated heightened
locus coeruleus activation to masked fearful faces (20) and decreased dorsal ACC activation
during extinction recall (21) compared to males. Prior work suggests the structure of the
locus coeruleus is sexually dimorphic and has downstream functional differences due to
interactions with sex hormones, such that estrogen increases norepinephrine production and
decreases its degradation rate (22). These findings may suggest that PTSD in females
involves greater activation of brainstem arousal systems, specifically the locus coeruleus,
that has downstream effects on threat-related brain circuitry.

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Seligowski et al. Page 3

2b. Structural correlates with neuroimaging

Individuals with PTSD show altered structural morphology of brain regions important for
emotional processes. Reduced hippocampal volume was initially observed in combat-
exposed males with PTSD (23), and males and females with childhood abuse-related PTSD
compared to controls (24), and this finding has been replicated across mixed-sex and mixed-
trauma meta-analyses (25-27). In addition, gray matter density in the dorsomedial PFC has
been shown to be reduced in those with PTSD in conjunction with reduced thickness of the
vmPFC, both in combat-exposed males (28, 29), mixed-trauma samples (30), and meta-
analyses (25). Alterations in white matter pathways interconnecting brain regions critical for
fear learning have also been implicated in PTSD. Prior work has demonstrated reduced
fractional anisotropy in females (31, 32) and combat-exposed males with PTSD (33) within
the cingulum bundle, a white matter tract that connects the hippocampus and cingulate
cortex, compared to trauma-exposed controls. Further, reduced microstructure of the
uncinate fasciculus (34-36), a white matter tract that connects the mPFC to amygdala and
other temporal lobe structures, has been found in males and females with PTSD compared to
trauma-exposed controls. The white matter microstructure of this tract has been found to be
predictive of posttraumatic stress (37) and posttraumatic anhedonia (38) severity in recently
traumatized individuals. Further, microstructural differences in other white matter tracts,
such as the anterior corona radiata and inferior longitudinal fasciculus have also been
observed in PTSD (33, 36). Taken together, this suggests that PTSD is related to alterations
in the structural morphology of key aspects of fear circuitry.

Although prior research has found sex differences in the structural morphology of the brain
(39, 40), limited PTSD research to date has investigated SABV in brain structure. Research
in children with PTSD has found that boys show greater insular volume compared to girls
(41), as well as smaller brain volumes overall (42). Few prior studies have reported on white
matter microstructure differences in PTSD, and one recent investigation of uncinate
fasciculus and cingulum microstructure did not find sex differences when comparing
individuals with PTSD to trauma-exposed controls (35). These data may suggest that white
matter microstructure does not differ between sexes in PTSD, but with such limited data it is
difficult to draw firm conclusions.

2c. Electrophysiological correlates of brain activity

To date, most event-related potential (ERP)-based electroencephalography (EEG) research in
PTSD has focused on the P300 and late positive potential (LPP), which are implicated in
emotional salience. Individuals with PTSD demonstrate increased P300 and LPP amplitudes
for unpleasant and trauma-related stimuli, although prior reviews identified inconsistencies
such that a minority of studies reported opposing or null findings (43, 44). Studies in healthy
females have demonstrated that LPP amplitudes were greater among those in the follicular
phase of the menstrual cycle compared to those in the luteal phase (45), and that greater LPP
amplitudes were significantly associated with decreased progesterone levels among women
in the early follicular phase (46). Thus, the estradiol-to-progesterone ratio may be an
important factor influencing how menstrual phase confers differential emotional responses
(47).
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EEG findings regarding resting asymmetry and power spectrum analyses are scarce and
inconsistent (48, 49). There is a general trend for increased trait asymmetry in males and
females with PTSD compared to trauma-exposed controls (50) and this may be associated
with worse cluster D symptoms among males (negative alterations in cognition and mood;
51). Given that cluster D symptoms closely resemble those of depression, this may suggest
that resting asymmetry is not a specific indicator of PTSD. State-dependent asymmetry
findings have shown that PTSD symptoms are associated with greater activation of right
frontal regions in response to trauma-related stimuli among males and females (52, 53).
While no studies have examined sex and asymmetry in PTSD, two studies demonstrated that
decreased left frontal activation was associated with depression among females but not
males (54, 55). High-density EEG studies have explored functional connectivity in PTSD
but findings require replication. While one study reported decreased connectivity in the beta
and gamma bands among those with PTSD (56), another found that PTSD was associated
with increased alpha connectivity (57). Decreased network strength in delta, theta, and beta
bands has also been reported (58, 59). While high-density EEG is a promising tool for
neuroscience research in PTSD, the influence of SABV on EEG-based connectivity
measures remains unknown.

3. Autonomic nervous system dysfunction

3a. Heart rate and heart rate variability

Individuals with PTSD demonstrate stress response deficits across sympathetic and
parasympathetic systems, indicative of increased arousal and decreased arousal regulation,
respectively (see Figure 1). One of the most-frequently reported indices of increased arousal
in PTSD is elevated heart rate (HR) at rest and in response to negative stimuli (60-64).
Elevated HR in the peritraumatic period has also been associated with an increased
probability of later developing PTSD among males and females (65). Although most studies
suggest that HR is elevated among those with PTSD, this may depend on one’s level of
cardiac vagal control, which refers to the influence of the vagus nerve on the heart’s
sinoatrial node and is associated with emotion regulation and psychological health (66, 67).
Heart rate variability (HRV) is a common measure of vagal control and represents the
variability in time between heartbeats. Among individuals with PTSD, elevated resting HR
may only be present among those with low HRV, suggesting that high HRV is a protective
factor against the negative effects of elevated HR (66). Other studies in male, female, and
mixed samples have demonstrated that HRV tends to be lower at rest and during challenge or
provocation among those with PTSD compared to trauma-exposed controls, providing
further evidence of decreased vagal control in PTSD (68-73).

While a recent meta-analysis found that females generally demonstrate greater HRV
reactivity than males (74), few studies have examined sex in the relationship between PTSD
and HR or HRV. Among male and female assault survivors, females who demonstrated
increased HR in response to script-driven imagery had worse PTSD symptoms compared to
males and compared to females who didn’t have an increased HR response (75). These
females were also three times more likely to have a PTSD diagnosis six months later (75). A
study of motor vehicle accident survivors reported no difference in HR between males and
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females at the emergency department, and although the authors found sex differences in
PTSD at six-months, they did not test differences in HR because of the null findings at
baseline (76). Among a sample of highly traumatized individuals, HRV was elevated among
males with PTSD compared to those without PTSD (contrary to prior HRV findings in
PTSD), but the effect was not observed in females (77).

3b. Skin conductance and startle response

Another aspect of sympathetic activation that has received significant attention is skin
conductance response (SCR), which reflects sweat glad activity caused by arousal. SCR
appears to be stronger at rest and in response to aversive stimuli among those with PTSD
compared to controls (78-80). In fear conditioning studies, males and females with PTSD
exhibit greater SCRs to conditioned stimuli paired with aversive unconditioned stimuli
during both fear acquisition and extinction phases compared to trauma- and non-trauma-
exposed controls (81-83). Skin conductance during trauma recall in the immediate aftermath
of trauma has recently been shown to predict future PTSD development among a sample of
both sexes (84). In terms of SABYV, one study found that females demonstrated stronger fear
acquisition indexed by SCR compared to males (85). Among healthy females, higher
estradiol has been associated with decreased SCR during extinction recall and SCR levels in
this group were comparable to males (86). In a female trauma-exposed sample, those with
PTSD in the mid-luteal phase demonstrated worse extinction retention, while those without
PTSD demonstrated better extinction retention in this phase (where estradiol and
progesterone are both high; 87). Among those with PTSD, higher progesterone levels were
associated with worse extinction retention, and subsequent research suggested that deficient
synthesis of the progesterone metabolites, allopregnanolone (ALLO) and pregnanolone, may
be a mechanistic explanation for this finding (88). A recent follow-up study reported similar
findings in males, such that ALLO levels were negatively related to PTSD symptoms (89).
However, different precursors were implicated in deficient ALLO synthesis compared to
those found in females, suggesting that there may be sex-specific differences in ALLO
synthesis that are problematic in PTSD (89).

The acoustic startle response is a defensive reflex typically measured by the magnitude of an
individual’s eye blink in response to a loud noise probe. Thus, it is highly relevant to fearful
and defensive responses and it is another biomarker of PTSD commonly indexed with fear
conditioning paradigms. Fear potentiated startle (FPS) is the relative increase in startle when
a noise probe is paired with a conditioned stimulus (e.g., a light or colored shape). FPS is
generally higher among males and females with PTSD compared to trauma- and non-
trauma-exposed controls, both in response to fearful and safe conditioned stimuli
(demonstrating exaggerated fear responding and poor fear inhibition, respectively; 62, 1, 2,
90, 91). Individuals with PTSD exhibit increases in fear load (a term for sum total of threat
responding) and deficits in fear extinction, as evidenced by high FPS to stimuli that are no
longer paired with aversive unconditioned stimuli (92-94). Among females with PTSD,
effects appear to be partially driven by estradiol, such that those with low estradiol levels
demonstrate worse fear inhibition and extinction (indexed by FPS) compared to those with
high estradiol levels (95, 96).
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4. Endocrine system dysfunction

Given the prominent role of glucocorticoids and catecholamines in the stress response (see
Figure 1), early endocrine research in PTSD investigated cortisol and catecholamines as
potential underlying mechanisms. Although PTSD is associated with heightened stress
responses, individuals with PTSD paradoxically show lower levels of basal cortisol
compared to trauma-exposed and non-trauma-exposed controls in male and female samples
(97, 98). This may be the product of hypersensitive glucocorticoid receptors within the HPA
axis that result in a hyperresponsive negative feedback mechanism, leading to lower baseline
cortisol (4, 5, 99). Glucocorticoid receptor sensitivity has been assessed using a low-dose
dexamethasone suppression test, conducted across a number of samples with varying levels
of trauma exposure. Though replicated in a wide range of PTSD populations, there is a high
degree of variability and this endocrine finding is not consistent (5, 100). Some argue that
this variation may be accounted for by factors such as sex, age at trauma exposure, and
cortisol collection timing (98, 101). While several of these studies included both males and
females, none investigated sex as a biological variable. Catecholamines exhibit a more
expected pattern of response. A review and meta-analysis illuminated the significance of
chronically elevated norepinephrine levels in males and females with PTSD compared with
trauma-exposed and non-trauma-exposed controls (102). This is arguably the disorder’s
most consistent endocrinological feature.

Another key substrate of the stress response is corticotropin-releasing hormone (CRH),
which is released in several places throughout the brain including the amygdala and the
hypothalamus, where it leads to ACTH release from the pituitary, evoking cortisol secretion
by the adrenal cortex (103). Compared with trauma-exposed and non-trauma-exposed
controls, males and females with PTSD demonstrate chronic hypersecretion of CRH (5,
104), which appears congruous with the finding of chronically lowered cortisol (i.e.,
excessive CRH release causes a downregulation of pituitary CRH receptors, decreasing the
ACTH response and subsequent cortisol release; 105). However, this finding is paradoxical
in nature, as the more conventional model of stress response dysfunction suggests that
hypersecretion of CRH leads to hyper- rather than hypocortisolism, as seen in major
depression (5). Of note, CRH’s function as a neurotransmitter in amygdala, hippocampal,
and cortical CRH cerebral processing may be separately regulated from HPA-cortisol
neuroendocrine regulation, which may partially account for this discrepancy (106).

The inconsistent profile of endocrinological features in PTSD challenges our understanding
of its pathophysiology. We must consider the possibility that such variation and apparent
contradiction may be accounted for by external factors (e.g., biological sex). While there is
no evidence to suggest a global difference in gonadal hormone levels between individuals
with and without PTSD, clinical reports suggest that these hormones may act as moderators
of the stress response (107, 108) — the dysregulation of which has been implicated in PTSD
(4). Understanding the nature of this relationship may help explain variation in PTSD
prevalence rates not only between the sexes, but also withinthem. A thorough understanding
of the effects of regular hormonal fluctuations (e.g., menstrual phase) on PTSD
symptomatology within sexes is necessary to properly contrast them.
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Although previous studies have identified sex differences in the healthy stress response (e.g.,
HPA response is higher in the luteal vs. follicular phase), there is a dearth of literature on sex
differences in the dysregulated stress response in PTSD. One meta-analysis found cortisol
levels to be significantly lower in females with PTSD compared with female non-
traumatized controls, whereas this effect was absent in males (109). Others have observed a
protective effect of testosterone, such that males with higher serum levels of testosterone are
less likely to have or develop PTSD (110, 111). Although suggestive of a modulatory effect
of gonadal hormones on the stress response, there is insufficient data to draw a valid
conclusion about the exact nature or extent of this relationship. This paucity of data calls for
a deeper look into the biological sex-driven nuances of PTSD endocrinology.

Research on HPA axis function and dysregulated stress responding in PTSD has led to an
increase in studies of altered immune function (112-115). While the immune system is not
central to this review, it is worth noting this emerging research on inflammation in PTSD.
Trauma and PTSD have repeatedly been associated with increased inflammatory activity
indicated by elevated levels of several inflammatory biomarkers, such as C-reactive protein
(CRP), interleukin (IL)-1pB, IL-6, interferon-y (IFN-y), and tumor necrosis factor (TNF)-a
(115-118). While several studies included female samples (119-122), only one tested sex
differences and found that both males and females with PTSD demonstrated higher I1L-6 and
TNF-a levels at the beginning but not the end of their sleep cycles (123). Males with PTSD
exhibited peak TNF-a levels at the end of the sleep cycle while those without PTSD
exhibited an inverted U-shaped profile, but this difference was not observed among females.
Additional research on inflammation may elucidate other mechanisms of the stress response
that confer greater risk for PTSD and it will be critical to test how these are influenced by
sex-based factors.

5. Sex as a Biological Variable (SABV)

A thorough understanding of the influence of sex on nervous and endocrine dysfunction in
PTSD is necessary to generate complete neurobiological models of the disorder. However,
there is a dearth of literature addressing this important topic in PTSD research. The NIH’s
SABYV policy highlights this need, encouraging researchers in all scientific arenas to address
sex in some manner, and it provides four strategies for doing so: 1) Consider (sex built into
study design), 2) Collect (sex-based data), 3) Characterize (analyze data by sex), and 4)
Communicate (report/publish data by sex). Informed by Clayton’s initial guide (124), we
will identify ways in which the SABV policy can be applied to neuroscience research in
PTSD using these four strategies across the nervous and endocrine systems described above
(Figure 2).

5a. SABV: Consider

Consideration of sex in PTSD research should ideally begin with study design. The SABV
policy explicitly states that researchers are not required to double sample sizes in order to do
this, recognizing that it is often not feasible due to logistical constraints and issues of power.
However, where possible, neuroscience investigations of PTSD should include both sexes
and consider experiential differences in trauma. For example, studies with Veterans have
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primarily included males and focused on combat trauma, but a growing number of female
Veterans are entering the population and they are more likely to experience military sexual
trauma (125). Similarly, most studies of sexual assault victims include only females and
there is virtually no data on how neuroendocrine functions differ among males with sexual
assault. These disparities make it difficult to establish generalizable markers of PTSD within
trauma-types and limit our understanding of the biological underpinnings of sex differences
in PTSD prevalence rates.

PTSD prevalence rates are 3-8 times higher in transgender individuals compared to the
general U.S population (126), but they are tremendously underrepresented in research and it
is unclear what differences may exist in their overall stress response. For example,
transgender males may demonstrate a stress response akin to cis-gender females given their
female sex at birth, but gender affirming hormone therapy would likely affect the response.
Two recent studies implicated the X chromosome in PTSD (127, 128). Alterations in a
glucocorticoid transcription factor encoded on the X chromosome were associated with
PTSD risk such that greater trauma exposure was associated with higher mRNA levels and
lower methylation in males but not females (127). In another study, X chromosome genes
appeared to contribute to PTSD sex differences such that those which had escaped
inactivation were implicated in PTSD risk among females but not males (128). These effects
have not yet been tested in transgender individuals, and as evidenced by the sex-specific
findings, it will be important to characterize sex chromosome effects on individuals who
have undergone hormone replacement therapy to disentangle genetic versus neuroendocrine
influences on sex differences in PTSD.

Regardless of whether all sexes are included, study designs that consider sex may generate
sex-based hypotheses. In PTSD research, this is particularly appropriate when sex
differences have been found in a biological component within a different population. For
example, the LPP appears to differ among healthy females depending on menstrual cycle
phase (45, 46). A study that only includes females with PTSD could therefore test the
hypothesis that those with low circulating estradiol will exhibit greater LPP amplitudes
compared to those with high estradiol, and future research could then test whether estradiol
supplementation alters the LPP response or therapeutic outcomes for PTSD.

5b. SABV: Collect

Accounting for SABV may also include the collection of sex-based data, such as gonadal
hormones (Figure 2). When trauma exposure is more recent, researchers can attempt to
estimate hormone levels not only at the time of the study visit, but at the time of trauma. For
example, one study found that women in the luteal phase at the time of trauma experienced
more flashbacks compared to those in other phases (129). However, phase was determined
by self-reported days since menstruation. Given that gonadal hormones fluctuate
significantly within menstrual phases, this demonstrates how critical it is to measure actual
circulating hormone levels with blood/plasma or salivary assay. Asking females to report the
first day of their last menstrual period allows for some estimation of hormone levels, but
reliance on this self-report should only be done when it is not feasible to collect biological
samples. These kinds of analyses may help to elucidate how sex hormones contribute to
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initial fear learning (i.e., at the time of trauma) in addition to subsequent nervous and
endocrine dysfunction.

Among studies that do collect biological assays, there is a tendency to assess only one
hormone and/or one sex, such as testosterone in males or estradiol in females. This suggests
that gonadal hormones are mutually exclusive, but in fact, they exist at varying levels in both
males and females. Given the potential protective effects of high testosterone in males (110,
111), it would be interesting to investigate PTSD prevalence rates in females with higher
circulating levels of testosterone (e.g., those with PCOS, congenital adrenal hyperplasia) to
determine if they experience a comparable benefit. Prior work in healthy individuals has
found that testosterone is associated with increased amygdala activity, although these
findings are mixed in females (130-133), and that its administration to healthy females
reduces SCR and FPS (134, 135). Similarly, estradiol is typically considered protective
among healthy females and those with PTSD, such that higher levels appear to confer better
fear inhibition, extinction, and extinction recall (86, 95, 96). However, there are no studies of
how estradiol levels impact fear learning among males with PTSD. Overall, this makes it
difficult to understand if gonadal hormones confer similar benefits for all sexes. The
aforementioned research on ALLO in both females and males with PTSD highlights this
important point and demonstrates the strength of collecting hormone data in both sexes (88,
89). Specifically, researchers assessed ALLO levels and ALLO synthesis in both sexes and
reported similar findings in terms of the overall association between ALLO and PTSD, but
differences in ALLO synthesis that were sex-specific (88, 89). These studies are critical to
elucidating underlying mechanisms of sex-based hormonal contributions to PTSD.

Information should also be collected about hormonal contraceptives given that they affect
hormone levels and are associated with variability in neural function. Hormone
contraceptive use has been linked to reduced amygdala activity to negative stimuli (136) and
hippocampal activity during fear learning (137), and emergency contraceptive use following
sexual assault has been associated with reduced PTSD symptoms in women (138). However,
no research has tested the effects of regular hormone contraceptive use on amygdala or
hippocampus activity among females with PTSD, which is particularly important given that
amygdala and hippocampal dysfunction have been routinely observed in PTSD. Thus,
collection of hormone levels (or estimation of menstrual phase when assay is not feasible)
and information about hormone contraceptive use (e.g., type, dose) would help to
disentangle influences of sex on PTSD development and recovery.

Age of trauma exposure is a key variable that influences PTSD risk given that the stress
response varies across developmental stages (139-141). For example, glucocorticoid
responsivity to stress is high during puberty, making this a critical period for trauma and
stress response reactivity and PTSD development (142). There are also important sex
differences in the stress response across the lifespan. For example, differences in brain
regions and neuroendocrine hormones involved in the stress response confer exaggerated
HPA-axis responses to stress in females compared to males, and hormonal changes in
females (e.g., due to menopause) cause this to vary with age (139, 140). Collecting
information about trauma exposure age (in addition to current age) is therefore critical to
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disentangling the sex by age interaction and capturing how it affects PTSD neuroendocrine
systems.

5c. SABV: Characterize

A recent meta-analysis demonstrated that combat trauma was more associated with
differences in the hippocampus and ventromedial PFC, and sexual trauma was more
associated with differences in dorsomedial PFC activation (143). Combat and sexual trauma
are experienced disproportionately by males and females, respectively. However, as limited
work has attempted to characterize sex differences in PTSD, it is unclear if these differences
are trauma-type specific, influenced by sex, or a combination of the two. Characterization of
these potential sex-specific influences is critical to the development of generalizable
biomarkers of PTSD and effective treatment approaches.

First, sex should be considered as a factor in statistical models. When sex is not an initial
factor of interest, a supplementary model should be completed that includes sex to
characterize potential sex-effects. For example, findings related to cortisol in PTSD
populations are often inconsistent (5). In addition to careful collection timing, researchers
are encouraged to analyze data by sex and/or gonadal hormone levels to determine if some
of the inconsistencies are explained by sex-based factors. While a recent meta-analysis
suggested that elevated norepinephrine levels in PTSD are a more consistent finding (102), it
is still unknown whether these elevated levels differ between males and females based on
gonadal hormone levels. Since estradiol may increase norepinephrine and thus physiological
arousal in females (22), it is important to conduct estradiol by norepinephrine analyses in
females (and males) with PTSD to determine how these factors influence one another. This
is particularly relevant to PTSD research because high estradiol is often associated with
decreased arousal (e.g., lower SCR and FPS), and high norepinephrine is associated with
increased arousal (i.e., the presence of both may cause greater arousal than the presence of
high estradiol alone).

5d. SABV: Communicate

A crucial component of the SABV policy is to communicate sex-related findings to the
scientific community. While some PTSD research has only included one sex, other studies
included both sexes but did not provide sex-specific details on variables. Although many
studies are not designed to test the role of sex in PTSD, including some information may
provide preliminary insight into sex-related mechanisms suitable for guiding future research.
Therefore, researchers should report main effects of sex on primary dependent variables
where possible (e.g., symptom levels, neural activity, endocrine assays, physiological
response; see Figure 2).

Researchers should also report the menstrual phase and/or hormonal levels of participants
where possible. Although female participants are typically asked about their menstrual cycle
and/or given pregnancy tests in the context of neuroscience research, few studies describe
this information. Reporting hormonal information would inform potential hormonal effects
on study findings that may be critical to developing additional research on sex-effects in
PTSD. For example, progesterone levels fluctuate during the menstrual cycle and have been

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Seligowski et al.

Page 11

implicated in PTSD, but studies that analyze both estradiol and progesterone have not
reported the relative ratio between the two (though it can be calculated if levels are
reported). Reporting this ratio would allow PTSD researchers to compare findings on this
potentially important variable as it may be more influential than the levels of estradiol and
progesterone alone. Better communication of these factors will improve the ability of
researchers to utilize and replicate one another’s findings as they relate to SABV in PTSD.

6. Clinical implications

Perhaps the greatest promise of neuroendocrine biomarkers is their utility in predicting
PTSD risk, symptom trajectory, and treatment outcome (144, 145). While some are difficult
to translate directly into clinical practice given the size and cost of the methodologies
involved (e.g., MRI), others can be readily integrated (e.g., mobile SCR assessment with
eSense; 146). This has the potential to bring precision medicine into the clinician’s office by
offering the ability to predict which patients respond best to particular treatment approaches.
Recent findings suggest that these biomarkers are already showing promise as indicators of
exposure-based treatment response (147-149), but additional research is needed to
understand how they might predict response to different treatments. Further, consideration of
SABV will be critical in predicting outcomes based on sex and identifying sex-specific
neuroendocrine predictors of treatment response.

7. Conclusions

Although prior research has identified markers of nervous and endocrine dysfunction in
PTSD, limited work to date has investigated SABV in these processes. Given the higher
prevalence of PTSD in females compared to males, and the discordance in trauma-types
experienced between the sexes, significantly more research is needed to unravel sex-related
disruption in these intermediate phenotypes. Crucial to these efforts are the
recommendations of the SABV policy. While not an exhaustive list, we hope that the
aforementioned recommendations will encourage and assist researchers in considering
SABV when conducting neuroscience research in PTSD.
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PTSD NERVOUS/ENDOCRINE DYSFUNCTION

CNS dysfunction
* Increased P200, P300, LPP
 Increased amygdala/dysregulated PFC activity
+ Decreased functional connectivity

Amygdala perceives Sensory systems Cortex modulates
threat via projections send ivity
from sensory cortices information to via cognitive appraisal
and thalamus hippocampus and PFC inhibition
Activation of the hypothalamus
Direct Innervation of Hypothalamic activation of
innervation of adrenal glands the HPA axis:
organs (e.g., via autonomic * CRH is sent from
heart and nerves, triggering hypothalamus to anterior
lungs) via the release of pituitary
autonomic EPI/NE into the * ACTH released from
nerves bloodstream anterior pituitary is sent
to adrenal glands,
initiating cortisol release

« Increased HR and BP, rapid
breathing, opening of lungs and
additional oxygen sent to brain

* Release of blood sugar and fat
(which provides energy)

Cortisol is sent up to the
pituitary gland,
amygdala, and
hippocampus to further
regulate CRH

ANS dysfunction
* Elevated HR
* Decreased HRV
* Elevated SCR and FPS

Endocrine dysfunction
* Low basal cortisol
* Elevated CRH
* Elevated norepinephrine

ASPECTS OF SABV TO CONSIDER

!

!

Cortisol secretion decreases as threat decreases

Parasympathetic responses take over (e.g., slowed HR and

. i iral and phic di
Morphological and functional differences in neural
circuitry

Variance in levels of gonadal hormones and
interactions with HPA axis

Psychophysiological expression differences during
threat exposure, fear learning, and

breathing, pupil constriction, decreased BP) inhibition/extinction
GLOSSARY
ACTH = adrenocorticotropin CRH = corticotropin releasing FPS = fear potentiated startle HRV = heart rate variability PFC = prefrontal cortex
HPA = hypothalamic pituitary adrenal LPP = late positive potential SABV = sex as a biological variable
BP = blood pressure EPI = epinephrine HR = heart rate NE = norepinephrine SCR = skin conductance response

Figure 1:
Nervous and endocrine stress response and dysfunction in PTSD
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SABV Recommendations for PTSD Neuroscience Research

Include males and females in study
" design

Include transgender individuals

Consider sex-based hypotheses
based on prior research in other
sample types (e.g., healthy controls)

PTSD examples

Study combat-related PTSD in
females

Study sexual assault-related PTSD in
males

Study the stress response in
transgender individuals with PTSD

Study BNST differences in
transgender samples

Study LPP moderation by estradiol in
PTSD

Figure 2:

* Assay (multiple) gonadal hormones

Assay the same gonadal hormones in
males and females

Obtain self-reported menstrual data
when assays are not feasible

Obtain hormone contraceptive
information
PT: xam)

Collect gonadal hormones
immediately after trauma

Collect multiple gonadal hormones to

determine protective effects on PTSD

and intermediate phenotypes (e.g.,

fear inhibition and extinction)
oTestosterone in females
oEstradiol in males

Collect testosterone to determine
effects on amygdala in PTSD

Collect hormone contraceptive data
to determine effects on amygdala and
hippocampus activity in PTSD

Indude sex as a factor in statistical

Conduct sex by gonadal hormone
interaction analyses

Investigate sex differences in
predictor variables (e.g., trauma type)

PTSD examples

Analyze cortisol by sex and/or
gonadal hormone interactions in
PTSD

Analyze estradiol by norepinephrine
in males and females with PTSD

Analyze sex by trauma type
interactions

Analyze PTSD symptom clusters by
sex and/or gonadal hormones

SABYV recommendations for PTSD neuroscience research

+ Describe results by sex even if
differences are not significant

+ Report menstrual phase of females

+ Describe gonadal hormone levels for

all participants regardless of main

study findings

Report estradiol-progesterone ratio
PTSD examples

Report trauma types by sex

Report PTSD symptom levels and
diagnosis rates by sex

.

Report menstrual phase in female
samples with PTSD

Report potential interactions of
hormonal levels with PTSD
and/or p

Report estradiol-progesterone ratio in
PTSD samples
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