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Abstract

Background—Sex differences in brain structure and clinical course of substance use disorders 

underscores the need to include women in structural brain imaging studies. The NIH has supported 

the need for research to address sex differences. We evaluated female enrollment in substance 

abuse structural brain imaging research and the methods used to study sex differences in substance 

effects.

Methods—Structural brain imaging studies published through 2016 (n=230) were evaluated for 

number of participants by sex and substance use status and methods used to evaluate sex 

differences. Temporal trends in the numbers of participants by sex and substance use status were 

analyzed. We evaluated how often sex effects were appropriately analyzed and the proportion of 

studies that found sex by substance interactions on volumetric measures.

Results—Female enrollment increased over time, but remained significantly lower than male 

enrollment (p=0.01), with the greatest bias for alcohol and opiate studies. 79% of studies included 

both sexes; however, 74% did not evaluate sex effects or used an analytic approach that precluded 

detection of sex by substance use interactions. 85% of studies that stratified by sex reported 

different substance effects on brain volumes. Only 33% of studies examining two-way interactions 
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found significant interactions, highlighting that many studies were underpowered to detect 

interactions.

Conclusions—Although female participation in substance use studies of brain morphometry has 

increased, sex disparity persists. Studying adequate numbers of both sexes and employing correct 

analytic approaches is critical for understanding sex differences in brain morphometric changes in 

substance abuse.

Keywords

Structural brain imaging; substance abuse; female inclusion; sexual dimorphism; grey matter 
volume

1. INTRODUCTION

Sex bias in biomedical research has been well documented, with females systematically 

understudied (see review by Beery and Zucker (Beery and Zucker, 2011)). Institutional 

efforts have been proposed to address this bias; for example, in 1993 the National Institutes 

of Health (NIH) initiated a requirement that the inclusion of women be addressed in all NIH-

funded research (“NIH Revitalization Act of 1993 Public Law 103-43 - Women and Health 

Research - NCBI Bookshelf,” 1994). Two decades later, the NIH announced intentions to 

address sex bias in animal and basic science studies (Clayton and Collins, 2014). In 

substance abuse research, attitudes have evolved over time from an assumption that sex 

differences were negligible toward routine scrutiny of research in which sex differences are 

not modelled or investigated (Wetherington, 2007). Current scientific consensus is that 

fundamental differences exist in brain structure and function possibly in response to sexually 

selective evolutionary pressures (Cahill, 2014a). Brain differences between sexes have been 

shown in terms of neurodevelopmental trajectories (Lenroot et al., 2007), structural 

morphometry (Clayton and Collins, 2014; Luders et al., 2009; Peelle et al., 2012; Watanabe 

et al., 2013), connectivity (Cahill, 2014b; Duarte-Carvajalino et al., 2012; Gong et al., 2015; 

Ingalhalikar et al., 2014), and molecular biology (Al Nadaf et al., 2010; Cahill, 2006; Jazin 

and Cahill, 2010; Wu et al., 2014). Patients with substance use disorder (SUD) demonstrate 

sex differences in many natural history features, including age of first use, rate of drug 

consumption escalation, quantity consumed, affect, and behavior (Becker et al., 2012; Eaton 

et al., 2012; Hernandez-Avila et al., 2004). Additionally, sex differences in substance use 

disorders exist across etiological factors, prevalence rates, pharmacokinetics, 

pharmacodynamics, self-administration behavior, hormonal influences, associated health 

risks, treatment outcomes, and medication response (Anker and Carroll, 2011; Becker and 

Koob, 2016; Cooper et al., 2016; Hasin and Grant, 2015; Oberleitner et al., 2015; Smith et 

al., 2016). These fundamental sex differences in neurobiology and clinical course suggest 

interactions between neurophysiology, sex, and disease process. Although results of single-

sex studies may, at times, generalize to both sexes (Sechzer et al., 1994), it is important to 

include and appropriately analyze both sexes to fully characterize this disease process. 

Inclusion and appropriate statistical methods can prevent reporting of an overall effect that 

may be true for only one sex, or reporting no effect when there may be opposing effects 

between sexes (Wetherington, 2007).
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While adequate inclusion of female participants in SUD research is important, equally 

important is a statistically valid approach to evaluate and model effects of sex. One editorial 

reported that most studies that enrolled both sexes did not produce sex-specific analyses 

(Hayes and Redberg, 2008). Appropriate analytic approach is especially critical in instances 

where there may be a significant interaction between sex and SUD status. In the presence of 

an interaction, main effects of sex and SUD alone are likely to be biased estimates of effect 

size, which may lead to erroneous conclusions or the conclusion that no effect is present 

(Moyses Szklo and F.Javier Nieto, 2007). This is especially important in structural brain 

imaging research given known sexual dimorphism of brain structures beginning in childhood 

and extending over the lifespan (Giedd et al., 2012; Lenroot et al., 2007; Luders et al., 2009; 

Peelle et al., 2012). Although women’s brains are smaller than men’s, they have increased 

regional gray matter, even after accounting for differences in total brain volume (Luders et 

al., 2009). Sexual dimorphism of brain structure and function has been reported for 

numerous neurologic and psychiatric disorders, including SUD (Perry et al., 2013; Potenza 

et al., 2012; Rando et al., 2013a; Regner et al., 2015). As a result, male-biased neuroimaging 

research in SUD may be limited in generalizability given the aforementioned differences in 

structure and function between sexes.

This study evaluated trends in female enrollment and analytic approaches to evaluating sex 

effects within a specific area of SUD research – structural neuroimaging. The goal of this 

study was to evaluate experimental design and statistical analysis decisions regarding 

inclusion of female research participants. First, we aimed to evaluate temporal trends in the 

inclusion of female participants in SUD studies overall and by substance type. This first aim 

intended to inform general trends of female inclusion in studies to determine if female 

inclusion changed over time and to determine if disparities in female enrollment had been 

resolved. We hypothesized that there would be an increase in both number and relative 

proportion of female participants in SUD research over time. Second, we aimed to evaluate 

the proportion of studies that applied an appropriate analytic approach to evaluate sex effects 

in SUD studies. We hypothesized that a significant proportion of studies including both 

sexes would not apply appropriate analytic methods to evaluate or model sex effects and 

associated interactions. Third, of studies that either stratified by sex or modelled sex 

interactions, we aimed to evaluate the proportion of studies that found evidence of sex by 

SUD interactions. This aim was intended to inform the likelihood that sex by SUD 

interactions exist and are therefore worth investigating. Based on recent studies 

demonstrating that sex modulates effects of stimulant dependence on cortical (Rando et al., 

2013b; Regner et al., 2015) and subcortical (Chang et al., 2005) volumes, we hypothesized 

that a majority of studies evaluating sex interactions have reported significant interactions.

2. METHODS

2.1 Literature review

We performed a systematic literature review of all articles studying SUD using structural 

neuroimaging. We included the following substance abuse categories: alcohol, cannabis, 

nicotine, opioids, stimulants, and polysubstance. Only studies reporting primary, original 

data were included; however, non-redundant bibliography entries within systematic reviews 
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and meta-analyses identified with our search terms were also included. The PubMed search 

was performed on January 7, 2016 using the search terms in Supplemental Figure S11. 

Abstracts published in English with full-text article access through our institution were 

included. All abstracts retrieved from this search (n=573) were independently screened and 

categorized by a post-doctoral neuroimaging fellow (DJY) and radiology resident physician 

(MFR). Discrepancies in categorization were discussed with the senior author, and a 

consensus decision was agreed upon by all three individuals. The inclusion process is 

illustrated in Figure 1.

2.2 Data collection

From each included article we abstracted the number of participants by sex and SUD status. 

Abstraction was performed by an applied biostatistics graduate student (EJG). We also 

abstracted the year published, country of corresponding author, funding sources, secondary 

substances, and analytic approach details. Figure 2 presents the data that were abstracted to 

determine if sex effects and interactions were tested or included and if they were significant. 

In some instances, articles did not provide all of the necessary information needed to follow 

our algorithm. If information was missing or if the analytic approach was unclear, we 

contacted the corresponding author and requested clarification of their methods.

2.3 Statistical analysis

We produced descriptive statistics for all variables abstracted from the articles including 

means, medians, and standard deviations for continuous measures and frequencies and 

percentages for categorical measures. All statistical tests for main effects used a type I error 

rate of 0.05. We used SAS version 9.4 for all analyses (SAS Institute, Cary, NC).

To investigate Aim 1, we plotted the number of female and male participants included by 

publication year. Next, we used generalized estimating equations and fit a generalized linear 

model with a Poisson distribution and log link function to evaluate the outcome of number 

of study participants by sex and SUD status (i.e., four outcomes for each study: male user, 

male control, female user, female control). We estimated the association between the number 

of study participants by sex and SUD to assess trends in participant enrollment irrespective 

of other study characteristics.

We evaluated covariates that were expected to explain a significant proportion of sample size 

variance among SUD studies. These additional covariates included: (1) class of substance, 

(2) funding source, (3) time, and (4) comorbid conditions. Time was defined as the year the 

study was published and modeled as a continuous numeric variable scaled to years past 

1992. Comorbid conditions were defined as any study in which participants with a general 

medical disorder (e.g., HIV positive status) or psychiatric illness other than SUD (e.g., 

schizophrenia) were also included. All covariates were modeled as binary indicator 

variables. We considered all possible three-way and two-way interactions using a backward 

step-wise modelling approach. First, we fit a saturated model and evaluated the significance 

of three-way interactions; significant three-way interactions were retained at a significance 

1Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:…
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level of p ≤ 0.20 (Mickey and Greenland, 1989). After removing non-significant 

interactions, we then evaluated two-way interactions that were retained at a significance 

level of p ≤ 0.20. Finally, we evaluated main effects that were retained at a significance level 

of p ≤ 0.20. We retained any covariates that appeared to be confounders; confounders were 

defined as any variable that, after removal from the model, resulted in statistically significant 

differences in other variable estimates or variance.

To investigate Aim 2, we created a binary indicator of whether or not variance attributable to 

sex or its interactions with other variables was modelled in an analytically appropriate 

approach according to our algorithm in Figure 2. The proportion of articles meeting these 

criteria was calculated with a 95% confidence interval using the Agresti-Coull method 

(Agresti and Coull, 1998).

To investigate Aim 3, we limited our sample to articles that tested for sex interactions or 

stratified estimates of substance effect by sex. We calculated the proportion of articles that 

found evidence of a significant interaction between sex and substance use.

3. RESULTS

A total of 230 articles met the inclusion criteria (Figure 1). An additional 6 studies were 

excluded from our some of our analyses due to lack of appropriate sample size information. 

The earliest study was published in 1992, but most studies were published after 2000. 

Included articles studied the following substances: alcohol (37.8%), cannabis (15.2%), 

nicotine (11.7%), opioids (4.4%), stimulants (20.0%) and polysubstance (10.9%). NIH 

funding was reported for a majority (58.7%) of studies, followed by non-US government 

funding (40.4%), VA funding (9.6%) and 16.1% funded by other sources. A majority of 

studies were conducted in the US (57.0%), followed by 32.2% conducted in European 

countries.

3.1 Aim 1

In the unadjusted model evaluating mean sample size by sex and SUD, we found that 

females were less likely to be included as study participants whether they were non-users 

(p=0.02) or substance users (p=0.01). Model-based estimates of sex by user status resulted 

in estimated study mean sample sizes of 39.3 male substance users, 35.1 male non-users, 

15.1 female substance users and 23.4 female non-users. Supplemental Table S12 presents 

estimates, standard errors, confidence intervals and p-values for the adjusted model. Figure 3 

shows the trend in total and mean number of participants by substance use over time for 

NIH-funded and all studies. Although female participants were effectively excluded prior to 

2000 and continue to be underrepresented compared to male participants, there is a slight 

increase in sampling proportion over time regardless of funding source. While there was a 

male sampling bias for all drug classes, studies of nicotine were the least biased and studies 

of alcohol and opioids were the most biased (Figure 4). For example, 24 of 87 alcohol use 

disorder studies (27.6% of AUD studies) included no females in their sample population; 

2Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:…
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accordingly, the first quartile includes a female-to-male ratio of zero. Opioid studies had the 

highest median male to female sampling ratio (Figure 4).

3.2 Aim 2

Of the 182 studies that included both sexes, 134 (73.6%) did not report an attempt to address 

sex effects (n=79) or did not report an appropriate method for modelling sex effects (n=55). 

In studies that did not stratify or include an interaction term, but instead used only a main 

effect of sex as a nuisance covariate, the majority did not report whether or not sex had a 

significant effect on the outcome (29 of 55); of those that reported sex effects (n=26), 6 

found a significant main effect of sex while 20 did not (Figure 2). Of articles in which 

statistical methodology to address sex effects was unclear or not specified (n=44), we had a 

50% response rate to clarification requests sent to study authors.

3.3 Aim 3

In studies that stratified their analyses of substance effect by sex, 81.3% found statistically 

significant differences in resulting estimates. In studies that used an interaction term, 31.3% 

found a significant interaction between substance use and sex.

4. DISCUSSION

Significant disparities in female inclusion exist from 1992 – 2015 across all major 

substances of abuse in structural neuroimaging studies. This finding is contrary to current 

NIH enrollment in which females are reported to represent roughly half of all clinical 

research participants (Clayton and Collins, 2014), and more in line with reports that cell and 

animal studies continue to have sex-bias (Beery and Zucker, 2011). We found that analyses 

of sex effects were not reported or not evaluated in an analytically appropriate approach in 

the majority of studies reviewed. In studies that did evaluate sex effects, those that stratified 

found that estimates of SUD effect differed for males compared to females in 81% of 

studies. Studies that modelled a two-way interaction for sex and SUD demonstrated a 

significant interaction in approximately one-third of studies. This difference may reflect 

statistically insufficient power to detect interactions when sub-groups are small.

Although female enrollment is increasing, in some instances sample sizes are insufficient to 

detect differences between males and females or to detect interactions between sex and 

substance use. Our findings demonstrated that there was a male sampling bias for all drug 

classes, where studies of nicotine were the least biased and studies of alcohol and opiates 

were the most biased. One factor that may contribute to this effect is the difference in 

substance use prevalence rates; males generally have higher rates of substance abuse and 

therefore there is a larger pool of potential research participants to recruit from, although 

substance use trends have been changing in recent years. Sex differences in prevalence rates 

finds that rates for males are higher across all classes of licit and illicit substance use; rates 

of tobacco use are most similar and rates of alcohol use are most dissimilar with male 

alcohol use disorder (AUD) prevalence 185% that of female AUD prevalence (Substance 

Abuse and Mental Health Services Administration, 2014). Although prevalence is higher in 

men, the impact on health care and societal costs may be greater for women possibly due to 
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increased rates of negative health outcomes, many of which are sex-specific (Greenfield et 

al., 2007; Weinberger et al., 2013), and co-morbidities with other psychiatric conditions 

trauma (McKee and Weinberger, 2015; National Institutes of Health, 2015). Another 

contributing factor may be that veterans are predominantly male, so research done through 

the Veterans’ Administration generally is either male only or predominately male (Cardenas 

et al., 2005; Durazzo et al., 2015; Fein et al., 2002). We have found no literature indicating 

females are less interested or motivated to participate in research, however, some research 

suggests that eligibility criteria regarding pregnancy and birth control may limit female 

participation and that childcare responsibilities may be barriers to participation in research 

(Holdcroft, 2007; Liu and Mager, 2016).

While prevalence differs, the sampling bias is out of proportion to prevalence rate 

differences, and it remains critical that research balance samples across women and men to 

effectively evaluate for the presence of sex differences. This may require targeted 

recruitment to over-sample women. Further, sample size may be limited by funding; the 

financial implications may be a significant challenge for future research (Fields, 2014) 

especially for neuroimaging studies which are expensive to conduct. An issue that arose 

during this project was insufficient details on the statistical methods which in turn would 

impair the reproducibility – an issue which has received substantial attention from the NIH 

in recent years (Collins and Tabak, 2014) and constitutes a specific criterion of the review 

process. A significant number of published studies were unclear in their methodology 

regarding the analytic approach. Critical to ensuring reproducibility, authors should clearly 

state the analyses completed, describe which covariates were evaluated, and report how they 

were evaluated. We found that average enrollment of female substance users was 15 and 

female non-users was 23; this sampling power may have been insufficient to detect sex by 

SUD interactions compared to a stratified analytic approach. We attempted to evaluate the 

prevalence of significant sex by SUD interactions as a function of sample size, but we did 

not see a significant trend likely due to underrepresentation of studies with large sample 

sizes. To show this trend, we would need a greater number of studies with larger sample 

sizes, which the current literature lacks.

Most published articles in the area of substance abuse and structural brain imaging were 

captured by our search method and included articles dating back to the emergence of MRI-

based research. Although some articles were excluded due to lack of full text availability 

(n=4) or not being published in English (n=10), this constituted only 14 articles and is 

unlikely to have imposed a significant degree of bias in our data sampling. Compared to a 

previous study examining women in research across a range of disciplines and which 

sampled articles from specific journals (Beery and Zucker, 2011), our approach provides a 

complete picture of a specific research area, structural human neuroimaging in SUD. Our 

search terms may have missed some relevant articles, however, we believe our sample 

population reflects the target population because: (1) our search terms appear to have 

captured the majority of articles, and (2) relevant articles not identified by these search terms 

are unlikely to differ substantially with respect to data abstracted (i.e., the sample is 

representative of this area of the literature). The most notable limitation in our data 

abstraction was the absence of certain details about the analytic approach that occurred in 44 

studies; in half of these instances, the corresponding author did not respond to our request 
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for additional information. We are uncertain if non-responding authors were more or less 

likely to have employed an appropriate analytic approach compared to those who did 

respond and provide additional information. The most common responses from authors 

explaining the lack of proper treatment of sex effects were (1) sex effects were outside the 

scope of their study, or (2) sample population was underpowered to evaluate sex effects.

Our findings have important clinical implications. Because many studies that included 

women and used an analytically appropriate approach discovered significant sex by SUD 

interactions on brain structure (81.3% that stratified and 31.3% that used an interaction 

term), it suggests that sex significantly modulates SUD pathophysiology. Such modulation 

may be mediated by sex hormones or menstrual cycle, endophenotypes that predate disease, 

neurobehavioral mechanisms associated with socialized gender roles, co-morbidities, or 

stress responses known to differ in women compared to men (Becker et al., 2012; Brady and 

Randall, 1999; Chaplin et al., 2008; Hagemann et al., 2011). SUD is a chronic relapsing-

remitting disease that is difficult to treat; if sex-specific patterns of altered brain structure 

and function can be identified, it could lead to different treatments in women and overall 

improvement in clinical management. As one example of this approach, Cosgrove and 

colleagues (Cosgrove et al., 2012) have documented key sex differences in the function of 

nicotinic receptors in abstinent smokers, providing a neurochemical explanation for why 

nicotine replacement treatments fail to work as well in women compared to men smokers 

(Smith et al., 2016).

In terms of generalizability to other areas of biomedical research, we suspect that structural 

brain imaging in SUD is not unique with respect to these issues of sample size and analytic 

approach. This suspicion is based on reports from other areas of biomedical research such as 

cardiology, where it is reported that females are also understudied (Harris and Douglas, 

2000; Kim et al., 2008).

5. CONCLUSIONS

In summary, there are specific components of study design and dissemination that can be 

improved in the field. First, both sexes need to be included in studies. Second, studies need 

to have adequate sample size to ensure reasonable power to detect sex by substance abuse 

interactions. Third, analyses need to either stratify by sex or use an interaction term (in 

regression models) when evaluating substance effects on brain volume or structure. Finally, 

analytic details need to be provided with clear detail in manuscripts, with specific attention 

to how sex was evaluated in the analysis. Taken together, these changes would improve 

treatments for men and women, the end goal of biomedical research.
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Highlights

• Female participation in substance use studies of structural brain imaging has 

increased over time.

• Females are included as research participants at significantly lower rates than 

males.

• Many studies do not analyze sex effects or use an analytic approach that 

cannot detect sex effects.

• 85% of studies that stratified by sex reported different substance effects on 

brain volumes.
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Figure 1. 
Article inclusion and exclusion (PRISMA Diagram).
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Figure 2. 
Evaluation Results of Statistical Methodology.
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Figure 3. Enrollment by sex and substance use status over time
Top, number of NIH studies and all studies meeting inclusion criteria each year. Second box 

from top, total number of participants in the literature each year by group and sex. Third box 

from top, mean number of participants per study per year by group and sex. Bottom box, 

mean number of participants in NIH-funded studies per study per year by group and sex. 

Male and female enrollment were significantly different in SUD (p=0.01) and controls 

(p=0.02), with systematically higher enrollment of male participants in both groups over 

time.
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Figure 4. Female to male sampling ratio by substance type
For each study in the sample population, the ratio of total females to males was calculated to 

form a distribution with cardinality equal to the number of included studies. The top and 

bottom edges of each box represent the 3rd and 1st quartiles, and lines within the boxes 

indicate medians. Whiskers above and below each box represent the 90th and 10th 

percentiles. Statistical outliers are plotted as points.
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