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Neuroscience research has historically demonstrated sex bias that favors male over female research subjects, as
well as sex omission, which is the lack of reporting sex. Here we analyzed the status of sex bias and omission in
neuroscience research published across six different journals in 2017. Regarding sex omission, 16% of articles
did not report sex. Regarding sex bias, 52% of neuroscience articles reported using both males and females,
albeit only 15% of articles using both males and females reported assessing sex as an experimental variable.
Overrepresentation of the sole use of males compared to females persisted (26% versus 5%, respectively). Sex
bias and omission differed across research models, but not by reported NIH funding status. Sex omission differed
across journals. These findings represent the latest information regarding the complex status of sex in neu-

roscience research and illustrate the continued need for thoughtful and informed action to enhance scientific

discovery.

1. Introduction

Historically, sex bias and omission pervaded research subject se-
lection in neuroscience research. Sex bias is defined as the favoring of
one sex over another, and neuroscience research has consistently fa-
vored the use of males over females (Beery and Zucker, 2011; Berkley,
1992; Mogil and Chanda, 2005; Shansky and Woolley, 2016; Will et al.,
2017). Sex omission is defined as the lack of reporting research subject
sex. Sex bias and omission are not limited to neuroscience, but are
present in a number of scientific biomedical fields (Beery and Zucker,
2011; Bryant et al., 2018; Potluri et al., 2017; Stephenson et al., 2019;
Yoon et al., 2014). While there are appropriate instances when one sex
should be employed instead of another, the lack of appropriate justifi-
cation for single sex use, both historically and in contemporary studies,
and the widespread neglect of females have prompted considerable
formal and informal debate across a broad spectrum of the biomedical
scientific effort, including and beyond neuroscientists. This ongoing
discussion has produced new granting agency and journal regulatory
policies, editorials, assessments of sex bias and omission, and new sci-
entific advancements benefiting women and men (Bale, 2019; Becker
et al., 2005; Becker et al., 2016; Beltz et al., 2019; Brooks and Clayton,
2017; Cahill and Aswad, 2015; Clayton and Collins, 2014; Duchesne
et al., 2017; Eliot and Richardson, 2016; Fields, 2014; Geller et al.,

2018; Guizzetti et al., 2016; Joel and McCarthy, 2017; Johnson et al.,
2014; Karp et al., 2017; Klein et al., 2015; Kokras et al., 2019; Liu and
Mager, 2016; Maney, 2016; McCarthy, 2015; McCullough et al., 2014;
McEwen and Milner, 2017; Miller et al., 2017; Mogil, 2016; Panzica and
Melcangi, 2016; Park et al., 2015; Richardson et al., 2015; Ruigrok
et al., 2014; Shansky, 2019; Tannenbaum et al., 2019; Tannenbaum
et al., 2016; Zakiniaeiz et al., 2016).

For continued informed and thoughtful debate and action, it is
crucial to understand the complex nature of sex bias and omission in
contemporary neuroscience research. It is particularly critical to focus
on research articles, given that this published unit is the final common
output of academic neuroscience research. The last comprehensive
analysis of neuroscience research articles examined studies published
between 2010 and 2014 that employed mice and rats (Will et al., 2017).
This previous literature review discovered that between 2010 and
2014, neuroscience research articles showed a decrease in sex omission.
However, sex bias remained present, as increasing numbers of articles
between 2010 and 2014 reported the sole use of males. The number of
articles employing both males and females also increased, but relatively
few assessed sex as an experimental variable. This lack of addressing
sex as an experimental variable, as well as the underrepresentation of
females in research, are missed opportunities for new discoveries re-
levant to sex-specific neurological phenomena and enhancing scientific
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reproducibility. It is also the responsibility of scientific researchers to
do their best to employ representative research populations.

Assessments of sex bias and omission in neuroscience studies pub-
lished after 2014 are unavailable, and it is likewise unknown whether
sex bias and omission vary in research models other than mice and rats
and by reported NIH funding status. NIH funding status is a point of
interest due to the implementation of relevant NIH policies in 2016.
Here we filled these knowledge gaps by providing an updated evalua-
tion of sex bias and omission in the neuroscience literature. We focused
on all research articles using any research model published in 2017 in
the following journals: Journal of Neuroscience, Journal of
Neurophysiology, Nature Neuroscience, Neuron, Nature, and Science.
These journals were chosen given their prominence in the neuroscience
field and also to align with previous studies (Beery and Zucker, 2011;
Shansky and Woolley, 2016; Will et al., 2017). We assessed sex bias and
omission in the overall literature and in the context of research model,
reported NIH funding status, and journal.

2. Literature review search methods
2.1. Inclusion criteria and coding of articles

Research articles published in 2017 were analyzed from the fol-
lowing journals: Journal of Neuroscience (impact factor: 5.971, ranked
30/261 in the neurosciences category,), Journal of Neurophysiology
(impact factor: 2.502, ranked 167/261 in the neurosciences category),
Nature Neuroscience (impact factor: 19.912, ranked 2/261 in the
neurosciences category), Neuron (impact factor: 14.319, ranked 7/261
in the neurosciences category), Nature (impact factor: 41.577, ranked
1/64 in the multidisciplinary sciences category), and Science (impact
factor: 41.058, ranked 2/64 in the multidisciplinary sciences category).
Journal impact factor and rankings were from 2017 and obtained from
InCites Journal Citation Reports (Clarivate Analytics, Philadelphia, PA).
All articles published within 2017 were examined by a team of 4
trained curators (2 female, 2 male) to eliminate sampling bias. Trained
curators were employed because the divergent and extensive vocabu-
lary used to describe animal sex and its treatment as an experimental
variable make automated text mining approaches challenging. Inter-
curator reliability was monitored as in a previous study (Will et al.,
2017). Following a previously employed protocol (Will et al., 2017),
articles were first determined to be primary research articles by the
curators. Reviews, editorials, and similar non-primary research articles
were excluded from analysis. Articles were then analyzed for neu-
roscience relevance. Articles from the Journal of Neuroscience, Journal
of Neurophysiology, Nature Neuroscience and Neuron were auto-
matically accepted as neuroscience relevant. A broad inclusion criterion
was employed for articles from Nature and Science. Articles in these
journals were included for analysis if the article topic encompassed any
aspect of the nervous system, ranging from the molecular to behavioral
level of analysis. In all journals, articles addressing purely computa-
tional or theoretical aspects of the nervous system were excluded from
analysis. In all journals, articles using embryonic animals and primary
neuron cell cultures were analyzed similar to previous studies (Taylor
et al., 2011; Will et al., 2017), as were articles using immortalized cell
lines (Ben-Yosef et al., 2012; Shah et al., 2014). This inclusion paradigm
resulted in 1827 neuroscience articles. Articles were then coded for
research model. Fifty different research models were represented in the
overall dataset and were categorized as follows: amphibia (including
Xenopus laevis, salamanders, other frogs), aplysia, bats, C. elegans,
cats, immortalized cell lines, crabs, drosophila, ferrets, fish: other (in-
cluding electric fish, goldfish, skates), gerbils, guinea pigs, humans,
insects: other (including bumblebees, cockroaches, locusts, honeybees,
crickets, stick insects), invertebrates: other (including leeches, squid,
planarians, nudibranch), lampreys, mammals: other (including dogs,
sheep, armadillos, opossums), mice, non-human primates (including
chimpanzees, marmosets, monkeys), non-oscine birds (including
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chickens, owls), oscine birds (including finches, starlings, canaries, ra-
vens), rabbits, rats, rodents: other (including voles, naked-mole rats,
chinchillas), turtles, zebrafish. “Other” categories were employed to
group species with low representation. Articles using embryonic ani-
mals and primary cell cultures were coded as the species of origin,
following a previous study (Will et al., 2017). For articles employing
embryonic and postnatal animals of the same species, only the postnatal
animals were included in analysis. Articles using immortalized cell lines
were coded as a separate research model, immortalized cell lines, given
the unique aspects of this research model that are shared across origin
species. For articles using multiple species, each species was recorded
individually. This protocol further decomposed the articles into a pool
of 2167 entries categorized by research model. Entries were then coded
for NIH funding status, including all agencies of the NIH. All non-NIH
funded entries were collapsed into a single category and were not fur-
ther characterized. Entries were then analyzed for sex. Sex categories
were: male, female, hermaphrodite, male and female wherein biolo-
gical sex was considered an experimental variable, male and female
wherein biological sex was not considered as an experimental variable,
and sex not reported. A broad inclusion criterion was employed re-
garding sex reporting. Articles were considered to have addressed sex as
an experimental variable if any formal statistical comparison or asser-
tion of such a comparison of males and females was performed, in-
cluding if the data or analysis was not shown and including whether sex
differences were detected or not. The use of sex as a covariate was
considered sufficient for addressing sex as an experimental variable.
Very few articles reported data disaggregated by sex but did not per-
form or assert to have performed a statistical comparison. These articles
were coded as not having addressed sex as an experimental variable
since there was no comparison. When distinct experiments within an
article differentially reported sex in the same research model, articles
were coded as having reported sex for that model. For example, if one
experiment did not report sex in rats, but another experiment reported
employing male rats, the article was coded as “rats: male only.” When
distinct experiments within an article employed different sexes, articles
were coded male/female with biological sex not considered an experi-
mental variable, following previous studies (Beery and Zucker, 2011;
Will et al., 2017). Data were analyzed via Chi-squared tests (Prism
version 6.07, GraphPad Software, La Jolla, CA). P values < 0.05 were
considered a priori as significant. Data are presented as percentages.

3. Results
3.1. Demographics of neuroscience articles published in 2017

The demographics of the neuroscience publishing landscape in 2017
exhibited variety across a number of different parameters. This in-
cluded the employed research model (Fig. 1A). Mice were the most
commonly employed research model (36%), followed by humans
(25%), rats (16%), non-human primates (7%), and immortalized cell
lines (6%). Together, mice and rats comprised ~60% of the employed
research models. Across all analyzed articles, 57% reported NIH
funding, while 43% did not (Fig. 1B). Articles were obtained from six
different journals, with the Journal of Neuroscience representing the
largest proportion (46.9%), followed by Neuron (18.8%), Journal of
Neurophysiology (18.0%), Nature Neuroscience (7.1%), Science
(4.7%), and Nature (4.6%) (Fig. 1C).

3.2. Sex bias and omission in neuroscience studies

Articles were categorized as either not reporting sex, reporting both
males and females with sex considered as an experimental variable,
both males and females with sex not considered an experimental vari-
able, only males, only females, or hermaphrodites (Fig. 2A). Articles
employing males and females without considering sex as an experi-
mental variable comprised the largest percentage of the data set (44%),
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Fig. 2. Distribution of sex bias and omission in neuroscience articles published
in 2017. (A) The majority of studies employed both males and females. Sex bias
remains present; studies that employed only males made up the second largest
proportion of the dataset. Sex omission also persists; articles not reporting sex
comprised the third largest proportion of the dataset. (B) The majority of ar-
ticles using both male and female animals do not report analyzing sex as an
experimental variable. Of articles employing both males and females, only
~15% of articles incorporated sex as a biological variable. Articles were
characterized as reporting sex as a variable if any statement or statistical test
indicated that data from males and females were compared, regardless of
outcome and whether or not data were reported.

followed by male only (26%), sex not reported (16%), males and fe-
males with sex considered an experimental variable (8%), female only
(5%), and hermaphrodites (1%). These percentages indicate that for the
first time, males and females analyzed together comprise a slim ma-
jority of neuroscience literature. However, a relatively low number of
articles reported evaluating sex as an experimental variable. This low
number of articles was best illustrated when only articles that employed
both males and females were analyzed. Of articles employing both
males and females, only ~15% of articles incorporated sex as an ex-
perimental variable (Fig. 2B). This analysis indicates that while there is
documentation of the use of both males and females, most studies still
do not report analyzing sex as an experimental variable. This analysis,
coupled with data presented in Fig. 2A, indicates that sex bias and
omission remain present in the neuroscience literature, albeit exhibiting

6.89% J. Neuroscience
8.78% Neuron

7.95% J. Neurophysiology
.11% Nature Neuroscience
66% Science

|l 4
m 1
=1
/7
= 4.
3 4.61% Nature

a more complex presentation than previously reported.
3.3. Sex bias and omission varied considerably by research model

Sex bias and omission varied considerably across research models
(Fig. 3A), consistent with previous analyses of older literature (Beery
and Zucker, 2011; Will et al., 2017). Research models differed in every
facet of sex bias and omission, including the proportion of articles that
reported males and females without considering sex as an experimental
variable (x> = 498.5,p < 0.001), the proportion that did consider sex
as an experimental variable (x> = 171.1, p < 0.001), the proportion
that solely employed males (x> = 691.3, p < 0.001), females
(x* = 967.3,p < 0.001), hermaphrodites (x> = 1316.0,p < 0.001),
and the proportion that did not report sex at all (x®> = 578.7,
p < 0.001). This diversity can be exemplified by focusing on the top
three commonly used research models: mice (35%), humans (25%) and
rats (16%). Regarding mice (Fig. 3B), 49% of articles reported using
males and females without considering sex as an experimental variable.
9% of articles reported using males and females and considered sex as
an experimental variable, 29% solely employed males, 4% solely em-
ployed females, and 9% did not report sex at all. Humans exhibited a
different pattern (Fig. 3C). 73.5% of articles reported using males and
females without considering sex as an experimental variable, while
12% reported using males and females and considered sex as an ex-
perimental variable, 6% solely employed males, 1.5% solely employed
females, and 7% did not report sex at all. Continuing this disparate
pattern between research models, only 22% of rat articles reported
using males and females without considering sex as an experimental
variable (Fig. 3D). 5% of articles reported using males and females and
considered sex as an experimental variable, 53.5% solely employed
males, 6.5% solely employed females, and 13% did not report sex at all.

These differences between research models persisted beyond the top
three categories. Regarding sex bias, on one end of the spectrum are
categories that exhibit an extreme sex bias, such as ferrets (100% fe-
male) and oscine birds (82% male). We note that there may be scientific
justification for single sex use. For example, in finches, which are oscine
birds, only the males normally exhibit song behavior and the associated
neural substrate, and thus it is not necessarily erroneous for articles to
employ solely males (Zhang et al., 2017). On the other end of the
spectrum are research models that exhibit considerable integration
between females and males, including humans (74% male and female:
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Fig. 3. Sex bias and omission vary considerably by research model. (A) All research models. Articles were coded into twenty-six different research model categories.
Some research model categories exhibited considerable sex bias, such as ferrets and oscine birds, while others did not, such as gerbils. Other research model
categories generally neglected to report sex, most notably immortalized cell lines, while some research model categories widely reported sex, such as rabbits. (B)

Mice. (C) Humans. (D) Rats.

sex not considered an experimental variable) and mammals: other
(100% male and female: sex not considered an experimental variable).

Regarding sex omission, select research models largely neglect to
report sex, including immortalized cell lines (88% sex not reported),
and non-oscine birds (77% sex not reported). These large percentages of
studies that fail to report animal sex reflect challenges specific to these
model systems. For example, regarding cell lines, some scholars have
argued that commercial vendors fail to sufficiently describe the sex of
the supplied cells (Park et al., 2015), while many of the studies that do
not report sex in the non-oscine bird category employed chick embryos
(Shao et al., 2017). Chick embryos are morphologically indistinct and
require genetic techniques to sex (He et al.,, 2019). Some research
models exhibited little to no sex omission, such as aplysia, gerbils,
rabbits, and oscine birds. Many of these research model categories with
low sex omission include relatively small numbers of studies, hence
their poor representation when studies are analyzed independent of
research model. Overall, this analysis indicates that there is consider-
able diversity in sex bias and omission across research models.

3.4. Sex bias and omission did not vary by reported NIH funding

Given the advent of the National Institute of Health (NIH) Sex as a
Biological Variable (SABV) (NOT-OD-15-102) regulatory policy on
January 25, 2016 (Clayton and Collins, 2014), a relevant question is
whether sex bias and omission differed between NIH and non-NIH
funded studies. To address this question, we coded articles as funded or
not funded by any agency of the NIH and analyzed sex bias and omis-
sion (Fig. 4). 43% of articles that reported NIH funding, versus 46% of
articles that did not report NIH funding, employed males and females
without considering sex as an experimental variable (x> = 0.10,
p > 0.05). 9% of articles that reported NIH funding, versus 6% of

articles that did not, employed males and females and considered sex as
an experimental variable (x> = 0.60, p > 0.05). 26% of articles that
reported NIH funding, versus 26% of articles that did not, solely em-
ployed males (x2 = 0.00,p > 0.05). 5% of articles that reported NIH
funding, versus 5% of articles that did not, solely employed females
(x*> = 0.00, p > 0.05). 1% of articles that reported NIH funding,
versus < 1% of articles that did not, employed hermaphrodites
(x* = 0.00, p > 0.05). 16% of articles that reported NIH funding,
versus 17% of articles that did not, did not report sex at all (x2 = 0.03,
p > 0.05). This analysis indicates that there is little to no evidence that
sex bias and omission differed by reported NIH funding status.

3.5. Sex omission varied between journals

Thus far, all analyses have analyzed sex bias and omission in-
dependent of article journal. Previous analyses of older literature have
detected differences in sex reporting between scientific journals and
groups of scientific journals across distinct biomedical subfields, in-
cluding in the journals assessed here (Beery and Zucker, 2011; Potluri
et al., 2017; Will et al., 2017). Thus, articles were analyzed by their
journal to assess whether differences in sex reporting persist between
journals (Fig. 5). Journals differed in sex omission characteristics. The
proportion of articles that did not report sex at all varied by journal
(x* = 38.1, p < 0.001). Journals only varied in one select aspect of
sex bias, the proportion of articles that reported males and females
without considering sex as an experimental variable (x? = 12.4,
p = 0.029). There were no differences detected between journals in the
proportion of articles that reported males and females and considered
sex as an experimental variable (¥ = 3.565, p = 0.614), the sole use of
males (x? = 1.360, p = 0.929), females (x> = 2.097, p = 0.836), or
hermaphrodites (x> = 4.000, p = 0.550). Importantly, in three out of
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Fig. 4. Sex bias and omission do not vary by reported NIH funding. Levels of sex bias seem similar between articles reporting and not reporting NIH funding.
Likewise, the proportion of articles reporting sex does not vary by reported NIH funding.

the six journals analyzed, the majority of articles reported employing
both males and females independent of whether sex was considered an
experimental variable, ranging between 53 and 57%. In two journals,
articles reporting the use of both males and females represent a plur-
ality (44-47%). Overall, this analysis indicates that sex omission con-
siderably varies across journal, as does the reporting of the use of sex as
an experimental variable. Levels of sex bias seem to be similar across
journals.

Focusing on sex omission, the spectrum of the lack of sex reporting
ranges from 10% in Nature Neuroscience to 44% in Science. We note
that the relatively small number of neuroscience articles published in
Science and Nature compared to other journals means that individual
articles can more heavily influence percentage values. A more reason-
able comparison may be between Science and Nature, whose articles
comprise similar percentages of the overall dataset (Fig. 1C; Science:
4.7%; Nature: 4.6%). These two journals differed considerably in terms
of the percent of articles that did not report sex (Science: 44%; Nature:
24%) and the percent that employed males and females without con-
sidering sex an experimental variable (Science: 21%; Nature: 37%).
Other values were more similar. This comparison indicates that sex
omission still varies even among journals with similar overall article
numbers, arguing for a powerful role of individual journal policies and
enforcement.

4. Discussion

The key finding of this literature review is that sex bias and omis-
sion persist in neuroscience studies. However, sex bias and omission
exhibit a complex presentation that resists easy generalizations.
Regarding sex omission, an overall rate of 16% of articles did not report
research subject sex. While sex bias is still present in the neuroscience
literature, for the first time since monitoring began, a majority of re-
search articles reported the use of both females and males, which may

Sex not reported

indicate a weakening in overall sex bias. However, this encouraging
decline in sex bias is diminished by two key points of concern. First,
most studies that employed females and males did not consider sex as
an experimental variable, and second, many more studies reported the
sole use of males compared to females. These findings indicate that
while across the neuroscience literature a majority of studies employed
both males and females, the actual investigation of sex as an experi-
mental variable remained relatively rare. This picture is further com-
plicated by the considerable variation in sex bias and omission between
animal models and journals. There is no evidence that sex bias or
omission varied by reported NIH funding status.

4.1. Sex omission decreased over time

This study found that approximately 16% of articles published in
2017 did not report sex across all research models and journals. An
important question is whether the intensity of sex omission is changing
across time and whether this rate of sex omission has decreased com-
pared to prior years (Fig. 6). Importantly, a previous study using nearly
identical methodology that assessed neuroscience articles in the same
six journals tracked sex omission between 2010 and 2014 (Will et al.,
2017). This previous study limited analysis to manuscripts that em-
ployed rats and mice. Combining this previously collected data with
that from rat and mouse data obtained during the current study allows
for the assessment of whether the intensity of sex omission has changed
across time. In 2010, Will and colleagues detected a sex omission rate of
47.1%, meaning that nearly half of the studies assessed did not report
sex. This high percentage of studies was similar to that reported by
other assessments of neuroscience literature from similar or just pre-
ceding time periods (Beery and Zucker, 2011; Shansky and Woolley,
2016), validating the curator-based approach. The rate of sex omission
then dramatically decreased between 2010 and 2013, falling to a rate of
16.6% in 2013. This rate has further decreased to 10.3% in articles

Fig. 5. Sex omission but not sex bias varies

milar between journals. In three out of the

RS . by journal. The proportion of articles re-
Male and Female: Sex not Considered orting sex varies by journal. as does the
Nelron @ Male and Female: Sex Considered P & es oy ) !
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Nature- @8 Male Only females without considering sex as a biolo-
J. Neurophysiology+ - Female Only gical variable. Levels of sex bias seem si-
[
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Nature Neuroscience-]
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six journals analyzed, the majority of arti-
cles reported employing both males and fe-
males independent of whether sex was
considered an experimental variable. In two
journals, articles reporting the use of both
males and females represent a plurality.
Across all journals, the proportion of articles
solely employing males is larger than the
proportion of articles solely employing fe-
males.
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Fig. 6. Changes in sex bias and omission across time in rats and mice. Data obtained from rats and mice from both the current study and a previous study that
analyzed the same journals (Will et al., 2017) allows for assessment of sex omission and bias between 2010 and 2017. Sex omission dramatically decreased from 2010
to 2013, and then continued to decrease from 2013 to 2017. Sex bias presents a complex presentation. More articles increasingly report the use of males and females
between 2010 and 2017, reaching a plurality by 2017. Only a relatively small but growing proportion of articles evaluate sex as an experimental variable. However,
the proportion of articles solely employing males remains much higher than articles solely employing females.

employing mice and rats, as documented by the current study. This
decrease is encouraging, however, 10.3% of papers exhibiting sex
omission remains an unacceptably high number for an essential ex-
perimental component necessary for successful replication. Overall, this
analysis indicates that sex omission has decreased, and the dramatic
drop in sex omission that occurred between 2010 and 2013 has not just
been maintained, but also improved through 2017. Worryingly, this
finding may be indicative of a trend in which the issue of sex omission is
replaced by a failure to consider sex as an experimental variable.

4.2. Sex bias remained present but exhibited a complex and changing
presentation

Sex bias presented a complex presentation in 2017 when considered
across all research models. Considering articles that report the use of
mice and rats in order to enable analysis across time as discussed in
Section 4.1, more articles increasingly reported the use of both males
and females between 2010 and 2017, reaching a plurality by 2017. The
percentage of mouse and rat studies employing males and females
without considering sex as an experimental variable dramatically in-
creased from 12.9% in 2010 to 32.4% in 2013, reaching 40.8% in 2017.
Only a relatively small but growing proportion of articles actually
evaluated sex as an experimental variable. The use of sex as an ex-
perimental variable marginally increased from 4.3% in 2010 to 5.3% in
2013, and later nearly doubled to 8.1% in 2017. This illustrates an
important point: the inclusion of females by itself does not provide
scientific insight unless sex is used as an experimental variable. Pooling
data across sex essentially ignores sex as an experimental variable,
which is a missed opportunity for scientific discovery. Though sex as an
experimental variable is still being largely neglected, the increased
proportion of the use of both males and females is encouraging. The
methodology of both the current study and the previous study used
broad criteria for whether sex was considered as an experimental
variable. Therefore, these reported proportions are the most optimistic
representation of the analyzed articles. Even with employing this most
optimistic analysis, sex bias remained present in the neuroscience lit-
erature. The proportion of articles solely employing males is much
higher than articles solely employing females. The exclusive use of
males varied from 2010 to 2017. In 2010, 31.1% of studies used males
only. This proportion increased to 39.3% in 2013 and later decreased to
36.3% in 2017. The exclusive use of females also fluctuated. In 2010,
4.6% of rat and mouse studies solely employed females. The number

increased to 6.4% in 2013 and later decreased to 4.5% in the literature
published in 2017. Overall, this analysis indicates that sex bias may be
weakening in the neuroscience literature. This progress is diminished
by the relative scarcity of studies that employ both females and males
and consider sex as an experimental variable, and second, the much
greater incidence of studies that report the sole use of males compared
to females. There remains much potential for improving how sex is
incorporated and evaluated in neuroscience experiments.

4.3. Role of the research model

The temporal analysis of sex bias and omission presented in Sections
4.1 and 4.2 was limited to studies employing rats and mice. This re-
striction was primarily present to align the findings of the current study
with those of the previous study (Will et al., 2017), which only ex-
amined articles employing mice and rats, similar to previous work
(Beery and Zucker, 2011; Florez-Vargas et al., 2016; Mogil and Chanda,
2005; Shansky and Woolley, 2016). Mice and rats remained the most
predominate non-human species employed in neuroscience research
(together totaling 51.5%), extending findings of previous analyses to
2017 (Beach, 1950; Beery and Zucker, 2011; Lambert et al., 2019;
Manger et al., 2008; Will et al., 2017). Not surprisingly, after mice,
humans were the second most commonly reported research model
(24.6%). Many relevant studies exist that discuss the role, inclusion,
and assessment of sex in human non-clinical and clinical research (Day
etal., 2017; Geller et al., 2011; Geller et al., 2018; Liu and Mager, 2016;
Sugimoto et al., 2019), including the possible influences of scientific
author gender on research model sex and article citation rates
(Andersen et al., 2019; Nielsen et al., 2017). The remaining proportion
of articles represented an impressive array of research models (23.9%),
demonstrating the value of comparative neuroscience research
(Brenowitz and Zakon, 2015; Krebs, 1975; Remage-Healey et al., 2017).
Each of these research models presents specific challenges regarding sex
bias and omission. For example, immortalized cell lines, which our
study considered its own category independent of species origin, pre-
sent challenges different than those of other research models (Arnold
and Disteche, 2018; Potluri et al., 2017; Ritz, 2017; Shah et al., 2014;
Taylor et al., 2011), including chromosomal alteration such as the loss
of either a Y or X chromosome (Xu et al., 2017). Other research models
present formidable methodological obstacles to incorporating both
sexes. One example is ferrets. Unique among research models, only
female ferrets were used in the articles assessed by this study. This may
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be largely because of the aggression and unpleasant odor of male ferrets
(Vinke et al., 2008), making them difficult to study within a laboratory
setting. For some research models, most prominently non-human pri-
mates, cost and availability are considerable challenges, but when
possible, assessment of sex in primate systems has yielded valuable
insights (Gervais et al., 2019; Lonsdorf, 2017). Some research models,
including select teleost fish, exhibit functional sex change, even in
adulthood (Liu et al., 2017). Other research models include hermaph-
rodites, such as C. elegans and aplysia. Sex differences have been de-
tected between hermaphrodites and males in C. elegans (Honjoh et al.,
2017), and the presence of males in a population has also been de-
monstrated to impact the lifespan of hermaphrodites (Maures et al.,
2014). Other research models feature a sex-specific behavior that is of
interest regarding neural function. As discussed above, oscine songbirds
such as finches are a prominent example of a species exhibiting a sex-
specific behavior (Zhang et al., 2017), although songbirds in general
have been highly useful for understanding sex steroid hormone action
in both males and females (Balthazart et al., 2018; Brenowitz and
Remage-Healey, 2016; Saldanha et al., 2011). Of course, many research
models, including rats and mice, exhibit behaviors that are of interest
for a particular sex. Employing one sex in a research study can be en-
tirely appropriate, as long as there is proper justification for single sex
use. Examples of proper single sex use include studies of the effects of
maternity on the female nervous system (Duarte-Guterman et al., 2019)
or of the spinal nucleus of the bulbocavernosus/Onuf’s nucleus in males
(Sengelaub and Forger, 2008). Other valid examples also exist. How-
ever, as documented in the current study, an overall proportion of 26%
of articles only employing males versus 5% of articles only employing
females seems highly unbalanced. Moving forward, policies focused
upon improving sex bias should incorporate considerations for in-
centivizing the use of females and males, along with flexibility for the
unique challenges posed by individual research models. These efforts
should include education regarding best practices for incorporating sex
as an experimental variable within individual research studies and
overall research programs, as well as proper justifications for single sex
use. Several excellent resources now exist for scientists seeking gui-
dance with statistical and methodological approaches for assessing the
role of sex (Bale and Epperson, 2017; Becker et al., 2005; Beery, 2018;
Beltz et al., 2019; Buch et al., 2019; Miller et al., 2017).

4.4. Role of NIH funding

One question assessed by this manuscript was whether differences
in sex bias and omission were associated with NIH funding status. This
is a key question, as it is relevant to discussions of whether the NIH Sex
as a Biological Variable (SABV) (NOT-OD-15-102) regulatory policy is
influencing biomedical studies. Interestingly, no differences were de-
tected in sex bias and omission between manuscripts published in 2017
that reported or did not report NIH funding. This lack of evidence in-
dicates that NIH funded studies are not yet qualitatively different in sex
bias or omission than studies that are not funded by the NIH. This lack
of effect could be due to several factors, of which our study was not
designed to differentiate. One potential factor is that NIH funding status
exerted minimal influence on rates of sex bias and omission in studies
published in 2017. Related to this potential factor, a recent study found
no large increase in the number of Canadian Institute of Health
Research (CIHR) grants examining sex and/or gender from before and
after the implementation of a similar policy at the CIHR (Galea et al.,
2020). Also relevant are findings from Woitowich and colleagues, who
surveyed NIH reviewers serving in 2016-2017 (Woitowich and
Woodruff, 2019). Woitowich and colleagues found that 61% of re-
viewers serving in 2017 indicated that SABV was consistently in-
corporated into a proposal’s approach score. Given this finding, it is
likely that the incorporation of SABV into reviewing grant proposals
was still dynamic during the 2017 timeframe, especially considering
that only 15% of 2017 NIH reviewers participated in the study.
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Importantly, grants reviewed in 2017 would not impact papers pub-
lished in 2017. This delay leads us to the next potential factor: the ef-
fects of SABV have not yet manifested in the neuroscience literature.
SABV was implemented on January 25, 2016 for newly submitted grant
applications (Clayton and Collins, 2014) and features a set of standards
(Clayton, 2018) that may take months or years to manifest in pub-
lications describing data produced under these grants. If this delay is
the case, then the data published here will be key for determining
whether NIH funding status associates with changes in sex bias and
omission rates in future years. A difficult challenge for future studies
will be assessing the direct impact of specific aspects of the SABV
policy, beyond general levels of sex bias and omission. For instance,
SABV does not necessarily require the use of both sexes, or that sex
must be used as an experimental variable. Rather, SABV requires jus-
tification for single sex use, which is largely initially evaluated at the
level of the NIH study section (Tannenbaum et al., 2016). This flex-
ibility in single sex use is absolutely necessary, as there is proper jus-
tification for single sex use, as addressed in Section 4.3. SABV mini-
mally requires that data be reported disaggregated by sex, not that sex
is necessarily considered as an experimental variable. This specific as-
pect of SABV was not evaluated by the current study, as the employed
literature review protocol does not differentiate between studies that
report aggregate sex data with no sex comparison versus studies that
report data disaggregated by sex with no sex comparison. Anecdotally,
curators associated with the current study report very few studies that
presented data disaggregated by sex that did not likewise consider sex
as an experimental variable. Overall, we believe that more work needs
to be done to educate grant reviewers and applicants regarding the
specifics of SABV and best practices in conducting sex-specific research
in general. There may also be high utility in agencies issuing requests
for funding grant applications that are directly relevant for sex-specific
fundamental and translational research, which is a proposal recently
and comprehensively discussed by Galea and colleagues (Galea et al.,
2020).

A third possible factor is the influence of policies implemented at
the level of the journal or at non-NIH funding agencies. Agencies in-
cluding but not limited to the German Research Foundation, Science
Foundation Ireland, European Commission, and the Canadian Institutes
of Health Research have all implemented policies that require varying
degrees of addressing sex as an experimental variable, and several of
these policies were implemented prior to the NIH SABV, including those
of the European Commission (2014). While the literature review pro-
tocol applied does not differentiate between these agencies, as a whole,
it is possible that the influence of these policies has already resulted in a
reduction of sex bias and omission, even among scientists reporting NIH
funding. It is also possible that individual agency policies differentially
impact the use of sex as an experimental variable. For instance, a policy
adopted by the Canadian Institutes of Health features multipronged
requirements that differ than those adopted by the NIH. These policies
include the requirement of sex integration reporting, the participation
of an individual with sex expertise related to the topic of the proposal,
the incorporation of a sex platform for large research consortia, and
compliance with sex-related training modules by grant applications
(Duchesne et al., 2017). At this point, evidence of which policies are
maximally effective remains limited, although a recent study has de-
monstrated that the training modules required by the Canadian In-
stitutes of Health are effective in improving knowledge on how to ef-
fectively consider sex as an experimental variable (Tannenbaum and
van Hoof, 2018). Since there is considerable variation between the
exact policy requirements implemented by funding agencies, future
studies will need to specifically assess the effectiveness of specific
funding agency policies, or, in the case of the present study, assess the
overall nature of sex bias and omission regardless of exact research
article funding source.
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4.5. Role of the Journal

Another key finding of this study was the continued variability in
sex bias and omission across neuroscience journals in articles published
in 2017. This variability across journals was first demonstrated in a
previous analysis of articles published between 2010 and 2014 (Will
et al., 2017). This finding demonstrates the powerful influence that
journals can exert on methods documentation, including research
model sex, along with other influences of scientific practice, including
funding agencies, universities, and individual researchers
(Tannenbaum et al., 2019). While the present study was not designed to
elucidate the etiology of differences in sex bias and omission between
journals, these data indicate that it is worth considering why some
journals exhibited relatively low sex bias and omission, while others did
not. Of particular interest are differences in journal adoption and en-
forcement of relevant editorial policies. Most of the surveyed journals
have adopted relevant standards. For instance, since 2012, all journals
published by the American Physiological Society, including the Journal
of Neurophysiology, asked authors to include the sex of research ani-
mals, cells, and other biological materials (Miller, 2012). The American
Physiological Society has also long adopted the relevant portions of the
“Animals in Research: Reporting In Vivo Experiments” (ARRIVE)
guidelines (Kilkenny et al., 2010). ARRIVE guidelines cover many as-
pects of experimental methodology, including biological sex, in an at-
tempt to enhance reproducibility. The ARRIVE guidelines and similar
guidelines have documented effectiveness (Baker et al., 2014; Moher
et al., 2010; Sekula et al., 2017; Smidt et al., 2006; Turner et al., 2012),
and the relatively low rate of sex omission in the Journal of Neuro-
physiology seems to confirm this approach. Similar guidelines, such as
SAGER, have been adopted by other journals, including Frontiers in
Neuroendocrinology (Heidari et al., 2016). Author, reviewer, or editor
checklists that also incorporate animals have been demonstrated to be
an effective approach (Han et al., 2017). The use of checklists is widely
employed, including as a component of the policies instituted by the
Nature publishing group, which publishes Nature Neuroscience and
Nature. In 2016, Cell Press, which publishes Neuron, adopted the
Structured, Transparent, Accessible Reporting (STAR) methods, which
have helped decrease the sex omission in these journals. The Journal of
Neuroscience remains the leader in sex reporting, with the lowest sex
omission of any journal. Science remains the least effective in lowering
sex omission. The effectiveness of different policy and enforcement
methods across journals should be continually assessed by future stu-
dies.

4.6. Limitations

There are limitations to the current review. One limitation is that
the employed review protocol does not differentiate between sex and
gender in studies that employ humans. Sex is generally applied to the
biological characteristics that differentiate various categories, including
male, female, and intersex. No papers analyzed by this study that em-
ployed humans indicated an intersex category, which may be consistent
with the relative scarcity of intersex individuals in the human popula-
tion (Arboleda et al., 2014; Hughes et al., 2006), how intersex in-
dividuals chose to report their sex in these studies, or a lack of inclusion
of these individuals in neuroscience-related research. In humans,
gender is complex, non-binary, multifactorial, and informed by biolo-
gical, psychological, social, and cultural factors. Considering gender in
human studies presents methodological challenges that are not ne-
cessarily unique to neuroscience, including how to accurately assess an
individual’s gender (Tannenbaum et al., 2019). The human data gen-
erated by this literature review relied on the reporting of gender/sex in
each individual study, which could have been generated either via self-
identification or via the researcher’s operating classification or per-
ception. Our study was not designed to assess the status of gender
consideration in neuroscience studies, but this is an important question
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and should be addressed by future studies. This study also does not
assess how sex was determined in each research model. Other limita-
tions to the current study also exist. For example, this study was not
designed to assess whether the experiments described in neuroscience
articles are sufficiently powered or properly statistically designed to
detect robust sex differences. The presence and validity of justification
for single or multiple sex studies was also not assessed. At least one
study has assessed the presence of a justification for single sex use in
research proposals submitted to an internal university Investigational
Review Board, and it found that only 14.5% of proposed studies actu-
ally provided a justification (Freeman et al., 2017).

5. Conclusions

We reiterate that we believe that it can be appropriate for an in-
dividual study to either assess a single sex, or to assess both sexes.
Indeed, the senior author of this study has coauthored manuscripts that
employed solely females (Miller et al., 2020), solely males (Willett
et al., 2018), and both males and females (Krentzel et al., 2019). Re-
gretfully, the senior author has also coauthored manuscripts that did
not report the sex of the research model (Stern et al., 2011), but since
then, has gained perspective on the importance of reporting sex and
other variables as being necessary for successful replication (Freedman
et al., 2017). As of 2017, ~16% of studies still do not report animal sex,
and this remains an unacceptably high number for an essential ex-
perimental component necessary for successful replication.

This leads us to a central underlying question: why address sex at
all? Many scientists have eloquently and comprehensively addressed
this question, including Tannenbaum and colleagues (Tannenbaum
et al., 2019). Here we will present the three broad reasons why our
laboratory chooses to address sex in the context of our research pro-
gram. First, scientific reproducibility. The lack of documentation of the
sex of the employed research model is a direct barrier to reproducing a
scientific finding. Second, scientific discovery. Biological sex is the low
hanging fruit in terms of key natural variables potentially influencing
the nervous system. Sex has only been systematically investigated as an
experimental variable in a limited number of nervous system regions
and functions. Even less is known regarding the differential influences
of chromosomal sex, gonadal sex, sex steroid hormones, and environ-
mental variables in sexual differentiation and adulthood, even though
there are available and useful models such as the four core genotype
mice (De Vries et al., 2002). Further complicating these influences, sex
can differentially manifest between nervous system regions and even
cell types within an individual across development (Bale and Epperson,
2017; Joel and McCarthy, 2017). Our own research program has de-
monstrated that sex differentially influences an important and widely
studied neuron type, the medium spiny neuron, across striatal sub-
region, developmental period, rodent species, and electrophysiological
property (Cao et al., 2018; Krentzel and Meitzen, 2018; Meitzen et al.,
2018), including across the adult female estrous cycle (Proano et al.,
2018; Willett et al., 2019). Other considerations include the presence of
latent sex differences (Jain et al., 2019), sex differences at the mole-
cular or cellular level that minimize sex differences in circuit output (De
Vries, 2004) and interactions with other organ systems (de Vries and
Forger, 2015). Thus, it is possible that sex can exert an influence at any
level of analysis in any developmental period in any portion of the
nervous system. Without consideration of sex as an experimental vari-
able, either in the context of a single study or a research program, this
opportunity for discovery is lost. A third reason is ethics. The failure to
include a representative population of females in research programs
perpetuates the underrepresentation of an entire segment of our so-
ciety. The ramifications of this neglect have great potential to nega-
tively influence fundamental scientific discovery and health outcomes
for all sexes.

There is an emerging recognition that sex exerts a complex and
important influence on the nervous system and that this influence is
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present beyond brain regions that regulate purely sex-specific beha-
viors. Given the already known and continual discovery of sex differ-
ences in the nervous system, it will be important for health research to
inclusively assess all sex and gender categories. This includes analyzing
females, even in preclinical and clinical neuroscience research cate-
gories not traditionally considered to be sex-specific or relevant to
women’s brain health. This effort begins with the reporting of sex and is
followed by the proper justification of single sex use and then assess-
ment of sex as an experimental variable when both males and females
are employed. The pooling of data from females and males without
consideration of sex as an experimental variable is a missed opportunity
for scientific discovery. While there is encouraging progress regarding
sex bias and omission in neuroscience studies, there is still much un-
realized scientific potential that could be achieved by the use of more
inclusive research techniques, resulting in improved scientific practice
and the promise of future health outcomes.
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