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Although sex differences in psychiatric disorders abound, few neuropsychopharmacology (NPP) studies consider sex as a biological
variable (SABV). We conducted a scoping review of this literature in humans by systematically searching PubMed to identify peer-
reviewed journal articles published before March 2020 that (1) studied FDA-approved medications used to treat psychiatric
disorders (or related symptoms) and (2) adequately evaluated sex differences using in vivo neuroimaging methodologies. Of the
251 NPP studies that included both sexes and considered SABV in analyses, 80% used methodologies that eliminated the effect of
sex (e.g., by including sex as a covariate to control for its effect). Only 20% (50 studies) adequately evaluated sex differences either
by testing for an interaction involving sex or by stratifying analyses by sex. Of these 50 studies, 72% found statistically significant
sex differences in at least one outcome. Sex differences in neural and behavioral outcomes were studied more often in drugs
indicated for conditions with known sex differences. Likewise, the majority of studies conducted in those drug classes noted sex
differences: antidepressants (13 of 16), antipsychotics (10 of 12), sedative-hypnotics (6 of 10), and stimulants (6 of 10). In contrast,
only two studies of mood stabilizers evaluated SABV, with one noting a sex difference. By mapping this literature, we bring into
sharp relief how few studies adequately evaluate sex differences in NPP studies. Currently, all NIH-funded studies are required to
consider SABV. We urge scientific journals, peer reviewers, and regulatory agencies to require researchers to consider SABV in their
research. Continuing to ignore SABV in NPP research has ramifications both in terms of rigor and reproducibility of research,

potentially leading to costly consequences and unrealized benefits.

Neuropsychopharmacology (2022) 47:430-443; https://doi.org/10.1038/s41386-021-01162-8

INTRODUCTION

Although potential sex differences are rarely evaluated within the
brain [1-3], in published findings, they are remarkably prevalent
[2, 4-7], with reliable sex differences found in brain size,
contributing to differences in white/gray matter ratio, intra- versus
interhemispheric connectivity, and regional cortical and subcor-
tical volumes [8]. Normative sex differences in the brain may give
rise to sex-biased vulnerabilities to certain psychiatric disorders—
such as anxiety, depression, schizophrenia, and attention deficit
hyperactivity disorder (ADHD) [4, 9]. In general, women are more
likely than men to be prescribed psychiatric medications—even
for psychiatric disorders that are more common among men [10-
15]. Many of these drugs show differences in efficacy as well as
side effects between males and females, e.g., [15-17], which may
be related, in part, to sex differences in how these drugs act on the
brain. Yet, except for zolpidem (Ambien®) [18], these medications
are prescribed without consideration of sex.

In order to examine the extent to which sex differences have
been appropriately evaluated in human neuropsychopharmacol-
ogy (NPP) studies, we conducted a scoping review, a technique
that allows researchers to map the relevant literature in a field of
interest [19]. Compared to systematic reviews, scoping reviews
tend to have greater breadth than depth and include all studies
on a given topic regardless of study design (i.e, not only

randomized controlled trials) [19]. As a result, scoping reviews
do not seek to synthesize the evidence and do not assess whether
the findings are robust or generalizable [19]. However, like
systematic reviews, scoping reviews employ a systematic search
of the literature. Because our review topic was broad with
emerging evidence across a wide variety of study designs, a
scoping review was the appropriate approach to investigate
whether studies utilizing human neuroimaging in psychopharma-
cology research consider sex as a biological variable (SABV) in
analyses. In our scoping review, we use the term ‘neuropsycho-
pharmacology’ to refer to human studies using neural measures
(in our case neuroimaging) to either predict treatment response or
understand neural effects of psychiatric drugs.

We expected to find that few NPP studies evaluated sex
differences—in either the neural effects of pharmacotherapy or
neural predictors of treatment response. This assumption was
based on three lines of evidence. First, neuroimaging technologies
are expensive, which leads to smaller sample sizes in neuroima-
ging studies and limits power to detect sex differences. Second,
clinical neuroscience studies typically do not test for sex
differences [2, 3]. For example, one systematic review of human
neuroscience studies found that only 12% of studies included
both sexes and considered sex as an experimental variable [1].
Third, until recently, no mandate required consideration of sex
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differences in federally funded research. Even after the NIH
implemented its 2015 policy requiring consideration of sex as a
biological variable (SABV) [20], a study conducted at a research-
intensive university found that few studies submitted to the
institutional review board in 2016 were designed to evaluate
SABV, even though many of the studies were already funded [21].

METHODS

Our scoping review aimed to identify peer-reviewed journal
articles published before March 2020 and written in English that
studied FDA-approved psychiatric medications in humans, used
in vivo neuroimaging methodologies, and appropriately evaluated
sex differences (defined as testing for an interaction involving sex
or stratifying analyses by sex).

We conducted a PubMed search in March 2020 (for a list of the
specific search terms, see Table S1 in supplemental materials). Our
search targeted five classes of psychiatric medications: antide-
pressants, antipsychotics, mood stabilizers, sedative-hypnotics,
and stimulants. Although we chose to focus on sex differences
(biological factors) rather than gender differences (social factors),
when conducting our literature search, we included both terms in
our search because many researchers use them interchangeably.
In line with the current recommendation for search strategy [8],
we included ‘sex’ and ‘gender’ in addition to terms related to ‘sex
differences’ and ‘gender differences’ to capture studies that
investigated sex regardless of whether they found statistically
significant differences. Our PubMed search yielded 1615 journal
articles, which were imported into Covidence [22], an online tool
that streamlines the process of screening journal articles.

We applied three tiers of criteria to determine whether studies
should be included in the scoping review (see Figs. 1, 2). During title
and abstract screening, studies were determined to be relevant if
they met all Tier 1 criteria. We only included studies that used a
study design that allowed researchers to test for associations
between neural measures and drug effects (e.g. predicting drug
responders and non-responders from neural measures at baseline,
between-subjects designs comparing treatment and control groups
on neural outcome measures, within-subjects designs identifying
neural changes from baseline to after receiving treatment). Relevant
studies were then assessed for eligibility during full-text review. We
first considered whether publications met all Tier 2 criteria before
assessing studies for Tier 3 criteria, which evaluated whether sex
differences were appropriately evaluated.

RESULTS

Across 50 NPP studies that adequately tested for sex differences
and reported their findings, 36 (72%) reported statistically
significant sex differences on at least one outcome. In the
following subsections organized by the five drug classes
investigated herein—antidepressants, antipsychotics, mood stabi-
lizers, sedative-hypnotics, and stimulants—we review the evi-
dence for and against sex differences across multiple types of NPP
studies: (1) studies that use baseline neural measures to predict
treatment response (which we refer to as ‘biomarker studies’) (2)
treatment studies that test the neural effects of the pharmacologic
intervention in patients, (3) challenge studies that demonstrate
the neural effects of the drug in healthy participants, and (4)
adverse effect studies that identify neural underpinnings of
treatment risk. Table 1 provides details on each study, such as
the study design, the overall sample size, and the number of
participants broken down by sex to contextualize the results.

Antidepressants (n = 16)

Females are twice as likely to suffer from depression as males [23].
The effectiveness of certain types of antidepressants may differ by
sex. For example, females may respond better than males to
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Title and abstract screening

\

/Tier 1: Criteria for paper topic

Inclusion

= primary research article

= uses in vivo neuroimaging techniques

= involves FDA approved drug typically used to treat
psychiatric disorders and related symptoms

= human studies

Exclusion
= case study, systematic reviews, meta-analyses, study

protocols, and animal studies
&not written in English /

Full text review

ﬂer 2: Criteria for study design

Inclusion

* includes both sexes

= uses inferential statistics

* uses appropriate study design to test for associations
between neural measures and drug effect

Exclusion

= case studies

= uses predictive modeling (e.g., machine learning)
* not a pharmacologic study

* includes only one sex

Tier 3: Criteria for sex effects

Inclusion

= tests for an interaction effect involving sex
= stratifies analyses by sex

= reports findings of analyses

Exclusion

= does not consider sex effects at all

*= matches cases and controls

* includes sex as a covariate

= tests sex as main effect

= stratifies by one sex and compares to overall group
&tests for sex effects but does not report

.

Fig. 1 Inclusion and exclusion criteria. Studies identified through
our search strategy (N=1615) were subjected to title and abstract
screening first. Studies that met all Tier 1 criteria (N = 350) underwent
full text review. To meet Tier 2 criteria, studies had to include both
sexes, use inferential statistics, and use an appropriate study design.
For studies that met Tier 2 criteria (N = 251), we considered whether
they appropriately tested for sex differences using Tier 3 criteria. Only
20% of studies that included both sexes and otherwise met criteria
appropriately tested for sex differences (N = 50).

selective serotonin reuptake inhibitors [SSRIs] whereas males may
respond better to tricyclic antidepressants [TCAs] [16, 24]. Sex
differences in the efficacy of different types of antidepressants
may stem from sex differences in the underlying neural circuitry
that is targeted by them [23, 25]. Overall, we found that 13 of 16
antidepressant studies meeting our review criteria reported
statistically significant sex differences in at least one outcome.
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1615 studies imported

% 0 duplicates removed
for screening

1615 studies screened 1265 studies irrelevant

( 300 studies excluded: \

15 did not consider sex effects at all
15 did not consider sex effects for
relevant analyses
106 matched cases and controls
76 tested for sex as a main effect
1 stratified by only one sex and
compared to group
16 included only males
3 included only females
3 appropriately tested for sex effects
but did not report findings

KGS were not pharmacologic studies /

350 studies assessed
for eligibility

50 studies included

Fig. 2 PRISMA flow diagram. Using our search strategy, 1615
studies were identified and subjected to title and abstract screening.
Of these studies, 350 were considered relevant and assessed for
eligibility during full text review. Only 50 studies adequately tested
for sex differences, met all other criteria, and therefore were
included in our scoping review. Excluded studies either did not
include both sexes, did not use a study design of interest, did not
adequately test for sex differences, or tested for them but did not
report their findings.

Biomarker studies: neural predictors of antidepressant response (n = 7)
Frontal alpha asymmetry (n =3): Frontal alpha asymmetry refers
to the difference in alpha activity over the left and right frontal
brain regions [26]. Alpha waves are useful to measure because
they are inversely related to cortical activation. Lower alpha
activity (greater cortical activation) over the left versus right frontal
region is thought to reflect a more positive emotional propensity
and a more approach-oriented motivational tendency [26]. Three
electroencephalography (EEG) studies showed that frontal alpha
asymmetry at baseline predicted SSRI treatment response in a sex-
dependent manner [27-29]. The first study measured alpha waves
while participants rested with their eyes either open or closed [27].
At baseline, females who responded to SSRI treatment (compared
to females who did not) showed greater activation (less alpha)
over the left hemisphere during the eyes open condition. In males,
alpha asymmetry did not predict treatment response. Two EEG
studies measuring frontal alpha asymmetry replicated this finding
[28, 29]. Both studies used the same large sample of patients with
MDD and found that higher activity (less alpha) over the left
frontal cortex at baseline [28] as well as after eight weeks of
antidepressant treatment [29] predicted response to SSRIs
(escitalopram and sertraline) in females but not in males. If
baseline frontal brain asymmetry had been used to guide
treatment selection in females, treatment response rates could
have been improved by 7% for venlafaxine-XR and 14% for
escitalopram and sertraline [28]. Importantly, when males and
females were analyzed together, frontal alpha asymmetry did not
predict response to treatment, obscuring a potentially critical
biomarker for females.

Event-related potentials (n=1): Previous studies have shown
that event-related potentials (ERPs)—changes in electrical activity
in the brain resulting from a specific sensory event (such as a
sound)—can predict response to antidepressant treatment (for a
review, Olbrich & Arns [30]). Typically, such studies have not
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considered SABV. However, a recent study found that ERPs
predicted treatment response for males but not females [31].
Compared to male non-responders, male responders to SNRI
treatment (venlafaxine-XR) had larger N1 amplitudes (an ERP that
is larger when a stimulus is unpredictable).

Serotonergic system (n=1): Given that the serotonin (5-HT;,)
receptor has been implicated in depression [32], one PET-CT study
used the 5-HT;, receptor antagonist radiotracer ['®FIMefway to
test whether the density of 5-HT;4 receptors could be used as a
biomarker to predict treatment response to an SSRI (escitalopram)
[33]. This study found that baseline density of serotonin receptors
did not predict treatment outcomes regardless of sex.

Regional brain volumes (n =2): Recent meta-analyses consistently
indicate an association between depression and reduced hippocam-
pal volume [34-36]. Only two studies have considered whether SABV
impacts the predictive value of baseline hippocampal volume on
antidepressant response [37, 38]. In the first study, larger right
hippocampal volume at baseline predicted responder status only in
females [37]. The second study tested whether various regional brain
volumes pre-treatment were predictive of response to antidepressant
treatment (across a wide range of antidepressant types) in patients
hospitalized for a depressive episode [38]. Multiple regional brain
volumes interacted with sex (left hippocampal cluster x right
hippocampal cluster x subcallosal/orbitofrontal cortex cluster x sex)
to predict reductions in depression severity after five weeks of
treatment [38].

Treatment studies: neural effects of antidepressants in patients (n = 6)
Regional brain volumes (n=2): In children and adults, anti-
depressant treatment can induce changes in regional brain
volumes over time. Two studies that considered the impact of
sex found mixed results [39, 40]. In a study of children with
obsessive-compulsive disorder (OCD), thalamic volume decreased
significantly after 12 weeks of paroxetine treatment such that
post-treatment thalamic volume in children with OCD was similar
to that of the healthy comparison group [39]. Reduction in
thalamic volume was correlated with reduction in OCD symptoms
although no sex differences were observed. By contrast, in a
prospective study on a large cohort of older adults with
depression, antidepressant use was associated with slower
hippocampal volume loss in males but not females [40].

Neural activation and connectivity (n=3): Three EEG studies
demonstrate that antidepressants affect neural activation and
connectivity in a sex-dependent manner [41-43]. Two studies
showed effects in males only [42, 43]. In a large study, male
responders had decreased alpha connectivity between two brain
regions (the subgenual anterior cingulate cortex and the
dorsolateral/dorsomedial prefrontal cortex [dIPFC and dmPFC])
from baseline to eight weeks after starting antidepressant
treatment, but female responders did not show this effect [42].
In another study, males that responded to either a serotonin
reuptake enhancer (tianeptine) or an SSRI (paroxetine) demon-
strated a sharp decline in the higher sigma frequency range
during non-REM sleep from days 7 to 42 of treatment whereas
non-responders did not show any change in this frequency range
[43]. Finally, one study found that medications (antidepressants,
antipsychotics, or both) affected various EEG measures in patients
with depression, and these effects were modified by sex and age
in complex ways [41].

Dopaminergic system (n=1): Bupropion, a primarily dopaminer-
gic antidepressant, was studied using single-photon emission
computed tomography (SPECT) to examine dopamine transporter
availability in the striatum in depressed patients before and after
treatment [44]. At baseline, depressed patients showed greater

Neuropsychopharmacology (2022) 47:430 - 443
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dopamine transporter availability in the bilateral striatum compared
to healthy controls. After successful treatment with bupropion,
dopamine transporter binding decreased in all subregions of the
striatum in females, but only in the right caudate for males.

Challenge studies: neural effects of antidepressants in healthy
participants (n=2). In healthy volunteers, positron emission
tomography (PET) and functional magnetic resonance imaging
(fMRI) studies tested whether sex modified the effect of acute
citalopram administration on brain glucose metabolism and
neural activation, respectively [45, 46]. In the PET study, citalopram
led to widespread increases in cortical glucose metabolism in
females and a decrease in regional glucose metabolism in males
compared to placebo [45]. The fMRI study, however, found no sex
differences although citalopram affected activation in several
regions involved in serotonergic neurotransmission in a dose-
dependent manner [46].

Adverse effect studies: neural underpinnings of antidepressant risk
(n=1). The risks of taking antidepressants differ for males and
females. Bupropion hydrochloride increases the risk of seizures,
particularly in females, who are at 1.5 times higher risk of seizures
while taking bupropion than males [47]. In a large EEG study of
patients taking bupropion, females were more than twice as likely
as males to present with specific waveforms associated with
seizure risk even after controlling for confounders such as dosage
[48, 49].

Antipsychotics (n =12)

Estrogen appears to influence the efficacy and side effects of
antipsychotics [50, 51]. Although female patients with schizo-
phrenia are more likely to experience symptom improvement with
antipsychotic treatment across all symptom categories (positive,
negative, depressive, and cognitive symptoms) [52], they are less
likely to respond to antipsychotics in the hypogonadal state of
post menopause [53]. Overall, 10 of 12 antipsychotic studies
meeting our review criteria reported statistically significant sex
differences in at least one outcome.

Biomarker studies: neural predictors of antipsychotic response (n = 4)
Regional brain volumes (n=3): Two studies identified brain
region volumes that predicted antipsychotic treatment outcomes
in a sex-dependent manner [54, 55]. In the first study, larger
striato-thalamic volumes at baseline predicted remission after one
year of treatment in female but not male patients with
schizophrenia [54]. In the second study, cerebral third ventricle
size was evaluated as a potential biomarker of antipsychotic
response (lithium or haloperidol) [55] given that increased
ventricle size at baseline has been associated with poorer
treatment response in previous studies [48, 56]. Of all of the
effects tested, one sex difference emerged: those who had a
delayed response to haloperidol tended to have a larger cerebral
third ventricle, and this effect was driven by males who had a
substantially larger third ventricle area and width than females.

Not all studies that evaluated regional brain volumes as a
biomarker of treatment response found sex to be a relevant
moderator [57]. One study found that larger pituitary volume at
baseline (which has been associated with HPA-axis hyperactiva-
tion) predicted less improvement of symptoms in first-episode
psychosis patients after 12 weeks of treatment with quetiapine
fumarate [57]. Although the effect was large, it was not dependent
on sex.

EEG abnormalities (n=1): Minor EEG abnormalities at baseline
predicted a favorable response to clozapine in a sex-dependent
manner [58]. Female patients with abnormal EEGs had signifi-
cantly greater improvement compared to female patients with
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normal EEGs [58]. EEG measures were not predictive of treatment
response in male patients.

Treatment studies: neural effects of antipsychotics in patients
Regional brain volumes (n=2): Two magnetic resonance
imaging (MRI) studies demonstrated sex-specific changes in basal
ganglia volumes in patients with schizophrenia after treatment
with either typical [59] or atypical antipsychotics [59, 60]. The first
study found that basal ganglia volumes (specifically, the caudate
nucleus, nucleus accumbens, and putamen volumes) increased
after treatment [59]. One specific sex difference emerged: in the
11 patients receiving risperidone treatment, the nucleus accum-
bens volume increased in all but one of the eight male patients,
but decreased in all three female patients [59]. The second study
showed sex-dependent changes in caudate volume with exposure
to atypical antipsychotics: higher exposure to atypical antipsycho-
tics predicted greater enlargement of the caudate in males but the
correlation was in the opposite direction for females [60].

Dopamine receptor binding (n=1): Previous studies have
reported left lateralization of striatal D, receptor (D,R) binding in
males with schizophrenia [61, 62]. To test whether antipsychotics
diminish this asymmetry, drug naive hospitalized patients with
schizophrenia were injected with ['**lliodobenzamide radio tracer
2 h before a baseline SPECT scan and then injected with the highly
potent antipsychotic benperidol 20 min before a second SPECT
scan in order to measure change in D,R binding [63]. At baseline,
male patients were more likely to show a left-lateralized
asymmetry of striatal D,R binding compared to female patients
(6 of 11 males versus 3 of 12 females). After benperidol challenge,
this left lateralization diminished in male patients (2 of 11 males)
and remained the same in female patients (3 of 12 females) [63].

Myelin integrity (n=1): Diffusion tensor imaging (DTI) is a way
of understanding the integrity of white-matter tracts—the neural
connections critical for coordination between brain regions. High
diffusivity, or free-diffusion of water in all directions, is a sign of
poor white matter integrity and has been observed in DTl studies
of patients with schizophrenia [64, 65]. One DTI study examined
whether sex impacted change in diffusivity in patients treated
with antipsychotics for 28 days [66]. Although treatment was
associated with a significant reduction in diffusivity measured in
multiple brain regions among those who responded to anti-
psychotic treatment, in this small sample, no sex differences
emerged.

Neural activation (n=2): Typical and atypical antipsychotics
affect neural activation in a sex-dependent way that could have
clinical significance [67]. Using ['°F]-2-fluoro-2-deoxy-D-glucose
(FDG) PET, regional glucose metabolism was measured in male
and female patients with schizophrenia before and after treatment
with either a typical antipsychotic (fluphenazine) or an atypical
antipsychotic (clozapine) [67]. Patients were compared to same-
sex healthy controls. A sex by diagnosis interaction effect emerged
with respect to cingulate metabolism, such that female patients
receiving antipsychotic treatment had a significantly lower
cingulate cortex metabolism (—9.1% and —11.4% on clozapine
and fluphenazine, respectively) compared to female controls
whereas male patients did not differ from male controls. In the
basal ganglia, clozapine increased metabolic rates in the female
patients (15%) to a greater extent than in the male patients (4%)
relative to their same sex controls whereas fluphenazine increased
metabolic rates to a similar extent in female (22%) and male (24%)
patients. Both antipsychotics increased hippocampal metabolism
in patients compared to healthy controls, with no sex differences
observed.

In order to determine whether sex affects the neural mechan-
isms underlying treatment, a resting EEG study measured brain
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waves in patients with schizophrenia being treated with
an atypical antipsychotic (either olanzapine or risperidone) [68].
Relative to male patients, female patients had decreased current
density in delta frequency slow waves at the middle frontal gyrus
[68].

Challenge studies: neural effects of antipsychotics in healthy
participants (n=2). A recent review indicates that females with
schizophrenia show better treatment outcomes for many anti-
psychotics [69]. Two EEG studies provide neural evidence in
healthy adults suggesting that antipsychotic effects on sleep may
contribute to greater symptom improvement among women
compared to men [70, 71]. Whereas morning [70] and evening [71]
doses of olanzapine increase slow-wave sleep in females, males
showed either no effect or a decrease in slow-wave sleep [70, 71].

Mood stabilizers (n = 2)

Although overall prevalence rates of bipolar disorder do not differ
between males and females [72], females may be at a higher risk
of bipolar Il disorder [73]. Furthermore, a meta-analysis provided
evidence that the brains of males and females with bipolar
disorder may differ in terms of structure and function at baseline
[74]. Studies, however, have not reported substantial sex
differences in response to pharmacologic treatment [73]. Overall,
1 of the 2 mood stabilizer studies meeting our review criteria
reported statistically significant sex differences in at least one
neuroimaging outcome.

Treatment studies: neural effects of mood stabilizers in patients (n =
7). MRI studies have found that bipolar disorder is associated
with abnormalities in amygdala volume, but these studies have
not always adequately accounted for mood stabilizer exposure or
current use (e.g., [75]). One study tested whether bipolar disorder
was associated with differences in amygdala volume depending
on whether patients took mood stabilizers (either lithium or
divalproex) [76]. The medicated patients had larger right
amygdala volumes than unmedicated patients, but no significant
sex differences emerged in either group.

Challenge studies: neural effects of mood stabilizers in healthy
participants (n=1). Mood stabilizers can affect the brain waves
of healthy volunteers in a sex-dependent manner. Healthy
volunteers underwent EEG before and after ten days of lithium
carbonate administration [77]. Lithium led to power increases in
the entire frequency range, and important sex differences
emerged: lithium increased theta and beta power to a greater
extent in females compared to males, and the topographic
distribution varied by sex as well.

Sedative-hypnotics (n =10)

Females are prescribed benzodiazepines about twice as frequently
as males, and some evidence even suggests that benzodiazepines
exert a more potent effect on females compared to males at the
same dose [15]. Zolpidem, a non-benzodiazepine hypnotic, was
the first drug for which the FDA recommended sex-based dosing,
halving its recommended dosing to 5 mg for females after adverse
reports consistently indicated higher next-morning sedation in
females taking 10mg [18]. Overall, 6 of 10 sedative-hypnotic
studies meeting our review criteria reported statistically significant
sex differences in at least one outcome.

Treatment studies: neural effects of sedative-hypnotics in patients (n
=2). Two studies investigated whether long-term benzodiazepine
use changes brain structure and whether sex modifies these effects
[78, 791. In the first study, the ventricle area to brain area ratio (VBR)
was measured using computed tomography (CT) scans in a group of
long-term benzodiazepine users [78]. In the benzodiazepine group,
the VBR was larger in males compared to females. A second study
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did not completely replicate these findings [79]. A negative but non-
significant correlation was found between VBR and sex among
benzodiazepine users, but it was unclear whether this finding was in
the same direction as the first study or not.

Challenge studies: neural effects of sedative-hypnotics in healthy
participants (n =8). In healthy volunteers, two challenge studies
provided evidence that diazepam decreases brain activation to a
greater extent in females compared to males [80, 81]. In an EEG
study, females had a sharper decline in cortical activation than
males 11 h after taking a 10 mg dose of diazepam [80]. In an fMRI
study, female participants administered 10mg of diazepam
demonstrated worse behavioral performance on a cognitive task
and lower activation in the PFC compared to their male
counterparts [81]. These two studies suggest that the same dose
of diazepam impairs females more than males. A third study using
waking EEG revealed expected changes in the coupling of high
frequencies between hemispheres with acute diazepam adminis-
tration in healthy participants. Although this effect occurred
regardless of sex, relative power was more impacted in women
while coherent activity between hemispheres was more affected
in males [82].

While diazepam studies revealed sex differences, one study
using another type of benzodiazepine, lorazepam, did not. In this
PET imaging ['®FIFDG study, lorazepam consistently decreased
whole-brain metabolism and impaired cognitive and motor
performance relative to placebo, but no sex differences were
revealed [83].

Among healthy volunteers administered sedative-hypnotics, sex
differences in neuroimaging outcomes are mixed [84-88]. In a
randomized, double-blinded, placebo-controlled trial, the effects
of hypnotics (10 mg of zolpidem and 5, 10, and 15mg of
gaboxadol) on EEG power spectra during sleep differed by sex
[85]. At 10 mg of zolpidem, females had greater increases in sleep
spindle activity in non-rapid eye movement (non-REM) sleep than
males. At 10 and 15mg of gaboxadol, females experienced
greater increases in delta and theta activity during both non-REM
and REM sleep. In another EEG study, gaboxadol (10 and 15 mg)
induced a dose-related increase in low frequencies during sleep,
and these effects were greater in females than males [86].

Two EEG studies, however, did not show sex differences [87, 88].
In these studies, beta amplitudes (an index of drowsiness) were
measured by averaging over the left and right frontotemporal
leads at baseline and 8 h after taking either zolpidem [87] or
triazolam [87, 88]. Both medications produced increases in beta
amplitude, which is in line with research showing that beta is
enhanced during drowsiness and that sedating drugs increase
beta amplitude [89]. No sex differences in beta amplitude were
observed for either medication. In addition, the second study
focused on interaction effects of age and sex and reported that
age was not associated with differences in beta amplitude
between the triazolam and placebo conditions in either males
or females [88].

Stimulants (n = 10)

In epidemiologic studies, ADHD in childhood is twice as prevalent
in males than in females, although sex differences in clinical
symptom presentation lead to less frequent and later detection
among females [90]. ADHD presents differently at a neural level in
males and females in children [91] as well as in adults [92]. This
may have important implications for the way that stimulants act in
the CNS. Overall, 6 of 10 stimulant studies meeting our review
criteria reported statistically significant sex differences in at least
one outcome.

Treatment studies: neural effects of stimulants in patients (n=

1). In a large longitudinal study, regional brain volume changes
were tracked over time in children with ADHD [93]. Children with
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ADHD who were medicated were compared to those who
were not. Although no significant sex differences emerged,
medicated children with ADHD as well as healthy controls had
larger total white matter volumes than unmedicated children
with ADHD.

Challenge studies: neural effects of stimulants in healthy participants
(n=29)

Changes in neural activation (n=1): Methylphenidate inhibits
the uptake of dopamine and norepinephrine, increasing levels of
both neurotransmitters in the PFC. In a ['®FIFDG PET study, an
acute dose of methylphenidate was given to cannabis abusers and
healthy controls, and sex interacted with group (cannabis abusers
vs. healthy controls) to predict change in regional brain glucose
metabolism in exploratory analyses [94]. Although male cannabis
abusers and male controls did not differ, female cannabis abusers
exhibited blunted methylphenidate-induced response across
multiple brain regions compared to female controls.

Dopaminergic system (n=8): Two PET studies using [''C]
raclopride to measure striatal dopamine binding potential and
dopamine release reported sex differences in amphetamine-
induced dopamine release in striatal and extra-striatal regions
[95, 96]. Whereas males tended to show higher dopamine release
in striatal regions such as the ventral striatum [95], females
exhibited higher dopamine release in the right globus pallidus
and the right inferior frontal gyrus [96]. A follow-up study [97]
using the same data [96] revealed that in males, but not females,
amphetamine-induced dopamine release correlated with cogni-
tive and affective measures. In a ['®Flfallypride PET study,
amphetamine challenge led to significantly higher dopamine
release relative to placebo [98]. A significant three-way interaction
emerged for drug (amphetamine vs. placebo), age group (aged
2-30 vs. aged 50-65), and sex, such that young adult males had
greater amphetamine-induced dopamine release in the bilateral
ventral striatum and right putamen compared to young adult
females. No sex differences were found for these brain regions in
middle-aged participants.

Smoking is associated with impaired dopamine response to an
amphetamine challenge in a sex-dependent manner [99]. A [''C]
FLB457 PET study measured dopamine D,R availability at baseline
and 3 h after amphetamine administration in smokers and non-
smokers. Female smokers showed significantly lower
amphetamine-induced dopamine release in the dIPFC than male
smokers and female non-smokers. In addition, male smokers had

Appropriately evaluated sex differences?
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lower dIPFC D,R availability than male nonsmokers, but female
smokers and non-smokers did not differ.

Early life adversity can impact dopaminergic functioning
[100, 101]. A PET study using ['®FIFDG found that a history of
childhood adversity is positively associated with ventral striatal
dopamine response to an amphetamine challenge [102]. However,
sex was not a relevant moderator. In a subsequent PET study using
the same methods, higher amphetamine-induced dopamine release
in the ventral striatum was associated with less advantageous
decision-making in healthy adults [103]. This effect did not differ by
sex either.

Amphetamine challenge induces an abnormally large stimula-
tion of D,R transmission in patients with schizophrenia [104, 105].
In order to test for the effect of sex and antipsychotic use on
amphetamine-induced dopamine transmission, ['*[IBZM SPECT
scans were conducted before and after an amphetamine
challenge in patients with schizophrenia and healthy controls
[106]. Patients with schizophrenia exhibited excessive stimulation
of dopamine transmission compared to control participants, and
this was associated with a worsening of positive symptoms.
However, no sex by diagnosis interaction was observed.

DISCUSSION

Our scoping review had three main goals: to evaluate how many
studies adequately tested for sex differences, to determine the
frequency with which significant sex differences were found, and
to map the literature on sex differences in NPP studies of
psychiatric drugs.

In our scoping review, 251 of the 350 studies evaluated during
full-text review met our initial criteria: they were pharmacologic
studies that included both sexes and, to some extent, considered
that sex could impact the results. Unfortunately, 80% of these
251 studies used methodologies that effectively eliminated the
effect of sex (e.g., by including sex as a covariate), obscuring
potential sex differences. Only 20% of these studies used
appropriate statistical methods to test for sex differences (see
Fig. 3).

We examined whether sex affects findings from NPP studies,
specifically those examining the relationship between neural
measures and drugs used to treat psychiatric disorders. Across five
classes of psychiatric drugs and a wide variety of study designs,
72% of studies that evaluated sex differences reported significant
findings, demonstrating that sex can impact (1) the way that
psychiatric drugs affect the brain and (2) the extent to which

Found sex differences?

Fig. 3 Percentage of studies that appropriately evaluated sex differences and found sex differences. The larger pie chart is based on 251
studies that included both sexes and considered that sex could impact the results. However, 80% of studies used methodologies that
essentially eliminated the effect of sex (e.g., by controlling for sex as covariate), whereas 20% of studies appropriately evaluated sex
differences (by either testing for an interaction involving sex or stratifying the analysis by sex). The smaller pie chart is based on the 50 studies
that appropriately evaluated sex differences. Of these, 36 found at least one sex difference whereas 14 did not.
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neural biomarkers predict drug treatment response. The majority
of NPP studies focusing on antidepressants, antipsychotics,
sedative-hypnotics, and stimulants found sex differences. Only
two mood stabilizer studies evaluated SABV, with more studies
considering sex in the other drug classes, likely due to known sex
differences in the disorders they treat. In contrast, substantial sex
differences in mood stabilizer response have not been observed in
bipolar patients [73].

Sex differences may be particularly important to consider when
predicting antidepressant response from frontal asymmetry and
hippocampal volume. In female patients with depression, greater
cortical activation over the left hemisphere predicted successful
treatment response to SSRIs, a finding that replicated in two
separate datasets across three published studies [27-29]. Because
this biomarker was not a significant predictor of treatment
response in males, when findings were aggregated across sex, this
obscured an important biomarker for females. EEG is inexpensive
relative to most neuroscience techniques but could be used
clinically to inform choice of drug administration in females.

A recent meta-analysis revealed that smaller baseline hippo-
campal volume predicted lower antidepressant response rates in
depressed patients [107]. The study in our scoping review found
this effect only in female responders [37]. Even though this study
was included in the meta-analysis, the meta-analysis used weak
methodologies to conclude that sex did not impact the effect. In
fact, the meta-analysis only tested whether the percentage of
females in the study was associated with the response or
remission rate of antidepressant treatment and did not actually
test whether sex moderated the effect of hippocampal volume on
antidepressant response. Future research on this topic should test
for sex differences.

Antipsychotics have differential sex effects in both patients with
schizophrenia and healthy participants. In patients, two studies
suggested that antipsychotics may be more likely to increase basal
ganglia volumes in males [59, 60]. In healthy participants,
olanzapine increased slow-wave sleep in females but not males
across two studies [70, 71]. Although these sex differences remain
to be tested in patients with schizophrenia, greater slow-wave
sleep is associated with better cognitive performance in patients
with schizophrenia [108] so these findings may help explain why
females taking olanzapine show a better response to treatment
[109].

Only two studies considered the impact of SABV on mood
stabilizer neural effects [76, 77], and one of the studies revealed
sex differences in healthy participants administered lithium for ten
days, suggesting that lithium may act differentially on the brains
of males and females. Therefore, even though males and females
do not differ in bipolar prevalence or mood stabilizer response
[73], mood stabilizers may still affect male and female brains
differently.

Two studies in healthy participants showed that diazepam
decreased brain activation and increased cognitive impairment to
a greater extent in females compared to males [80, 81]. Like
zolpidem, the same dose of diazepam impairs females more than
males. While GABA, receptor binding sites differ between
benzodiazepines and non-benzodiazepine sedatives, this finding is
in concert with the observation that women have greater sedation
with zolpidem, further emphasizing that sex must be taken into
consideration when developing GABA, receptor agonist
medications.

The vast majority of stimulant studies (8 of 10) were PET studies
using amphetamine challenge to measure dopamine release.
Studies on patient samples revealed intriguing sex differences that
may explain sex differences to certain addictions. In response to
an amphetamine challenge, female cannabis abusers and smokers
showed lower glucose metabolism across multiple brain regions
and blunted dopamine release in the dIPFC, respectively [94, 99].
Blunted dopamine transmission increases addiction risk and
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relapse [110], suggesting that female smokers and cannabis
abusers may be at greater risk of relapse during periods of
abstinence.

Limitations

Our scoping review has three limitations that are important to
highlight. The first limitation is that we only included studies in
our scoping review that clearly stated in the abstract that the
purpose of the study was to test for associations between neural
measures and psychiatric drug effects. Therefore, we would have
inadvertently excluded studies that did test for these associations
if this was not mentioned in the abstract.

The second limitation is that the evidence included in our
scoping review may unintentionally overrepresent studies in
which researchers found significant sex differences given that
significant findings are more likely to be reported and published
than null results. Such biases have been found in neuroimaging
research. For example, one meta-analysis of human fMRI studies
indicated that reporting and publishing biases led to an excess of
significant findings being published, such that 88% of studies
evaluating sex differences reported significant effects in the
abstract [111]. In this meta-analysis, one key piece of evidence
pointed to a selective reporting bias rather than a high prevalence
of real sex differences. Studies with larger sample sizes should be
more likely to detect sex differences (when real sex differences are
present). However, such a relationship was absent, suggesting that
the high prevalence of significant sex differences may reflect a
selective reporting bias instead.

A third limitation is that we did not assess whether studies were
adequately powered to evaluate sex differences. Importantly,
interaction effects require a larger sample size to ensure adequate
power than stratified analyses. This difference in power affects
whether sex differences are detected. For example, a systematic
review of substance abuse-related MRI studies found that 81% of
studies that stratified analyses by sex identified a significant sex
difference compared to only 31% of studies that tested for
interaction effects involving sex [2]. Many findings reported in this
review had small sample sizes (see Table 1). This can lead to two
problematic situations, simultaneously increasing the likelihood of
false negatives and false positives [112]. Alarmingly, one review
estimated the median statistical power in neuroscience studies to
be between 8-31% [112]. Therefore, null results may reflect a
study being underpowered rather than the absence of a sex
difference, but significant findings may be in excess due to a
combination of low power as well as biases in reporting and
publishing [8, 113]. This makes it difficult to draw firm conclusions
from this scoping review. Only when we have sufficiently powered
studies to detect true sex differences (when they exist) and
researchers are encouraged to publish whether they found sex
differences (regardless of outcome) will we be confident in the
scientific literature regarding whether sex differences are highly
prevalent, relatively rare, or somewhere in between.

CONCLUSIONS

Although some debate remains on whether sex differences in the
brain are indeed prevalent and important [8, 113], our findings
emphasize that in the context of psychiatric drugs, the potential
impact of sex on outcomes of interest should be evaluated to
enhance the rigor and reproducibility of NPP research. Across
multiple imaging modalities and classes of psychiatric drugs, sex-
based differences in the association between neural measures and
drug effects were common in studies that used appropriate
statistical methods to test for them. For the vast majority of
significant sex differences reported in this review, no apparent
replication attempts have been made. In our entire scoping
review, we identified only four replication attempts: three findings
replicated, and one did not (see Table 2). While this scoping
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Table 2. Replication attempts uncovered in scoping review.

Replication attempts Replicated?  Finding
Testing whether frontal alpha asymmetry predicts antidepressant response

Bruder et al. (2001) Yes
Arns et al. (2016)°
van der Vinne et al. (2019)°

Testing whether olanzapine impacts slow-wave sleep

Gimenez et al. (2011) Yes
Lindberg et al. (2002)

Testing whether diazepam affects neural activation

Sierra et al. (1997) Yes
Munoz-Torres et al. (2016)

Testing whether benzodiazepines impact ventricle to brain ratio

Lader et al. (1984) No
Perera et al. (1987)

*These studies utilized the same dataset.

with depression

review does not provide clear answers, it is a call to action. Nearly
the entire field of sex differences in NPP is wide open for
discovery. Even though pharmacologic interventions are often
used to treat psychiatric disorders with broadly recognized sex
differences [9] and the field of psychiatry is aiming for
individualized medicine [114], 80% of NPP studies in this
systematic review did not analyze and/or report on the impact
of sex. While the benefits of evaluating the role of sex are
considerable (e.g., improving the predictive value of biomarkers,
guiding the development of more targeted pharmacologic
treatments, enhancing the reproducibility of results), the con-
sequences of ignoring the role of sex may be even more
substantial and could cause significant harm either through
adverse effects or lack of access to a potentially effective
treatment [115, 116]. Thus, we urge scientific journals, peer
reviewers, granting agencies, and regulatory agencies (such as
institutional review boards) to follow the NIH's example and
require consideration of SABV [18, 20, 117]. Doing so will be critical
in driving medicine towards greater equity and biomedical
research towards greater rigor and reproducibility.
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