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Abstract

Patterns and features of substance use and abuse vary across the menstrual cycle in humans. Yet, 

little work has systematically examined the within-person relationships between ovarian hormone 

changes and alcohol use across the menstrual cycle. Our study was the first to examine the roles of 

within-person levels and changes in estradiol (E2) and progesterone (P4) in relation to daily 

alcohol use and binge drinking in young women. Participants were 22 naturally-cycling women, 

ages 18–22, recruited through a university subject pool who reported any alcohol use and who 

completed a screening visit assessing study eligibility, followed by 35 subsequent days of data 

collection. E2 and P4 were obtained via enzyme immunoassay of saliva samples collected by 

participants each morning, thirty minutes after waking. Presence and degree of daily substance use 

were obtained using an adaptation of the Timeline FollowBack Interview completed daily. Results 

indicated that elevated E2 in the context of decreased P4 levels were associated with higher risk of 

drinking and binge drinking. These effects were present only on weekend days. Results are 

suggestive of a dual risk model in which both ovulatory E2 increases and perimenstrual P4 

decreases increase risk for drinking. Differential associations of steroids with drinking across the 

menstrual cycle may suggest the need for clinical assessment of substance use to take into account 

hormone dynamics and menstrual cycle phase.
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Substance abuse affects at least 8% of individuals over their lifetime and is highly costly to 

society in terms of lost productivity, treatment costs, and health care and mortality costs 
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(Compton et al., 2007; SAMHSA, 2001). Although males are approximately 2 to 3 times as 

likely to exhibit problems with substance abuse, female substance abuse is on the rise (Brady 

& Randall, 1999). Females acquire problems with substance abuse at a much more rapid rate 

than their male counterparts, find it more difficult to quit, and relapse more frequently 

following periods of abstinence in both humans and animals (reviewed by Anker & Carroll, 

2010; Becker & Hu, 2008; Hudson & Stamp, 2011). Furthermore, females often exhibit 

more severe brain, heart, muscle, and liver consequences than their male counterparts and 

exhibit more functional impairment in relationships (Mann et al., 2005). These effects are 

particularly pronounced and well-established in relation to stimulants, although these effects 

have been noted in numerous other substance classes as well (Becker & Hu, 2008; Roth, 

Cosgrove, & Carroll, 2004).

Patterns and associated features of substance abuse appear to vary cyclically across the 

menstrual cycle in humans. Across different substances, craving and the subjective effects of 

substances are reported to be higher during the follicular phase, when estradiol [E2] is rising 

and progesterone [P4] is low, and during cycle phases in which P4 is declining, such as 

during the week leading up to menses (Evans, Haney, & Foltin, 2002; Schiller et al., 2012; 

Sofuoglu et al., 1999; Terner & de Wit, 2006; Weinberger et al., 2015). Further, quit attempts 

for smoking are more successful during periods in which P4 is elevated relative to E2 

(Mazure et al., 2011; Saladin et al., 2015).

Experimental animal work extends human research on menstrual phase influences on 

substance abuse by suggesting that higher circulating levels of E2, relative to P4, enhance 

motivation to abuse substances in females (Hu & Becker, 2003; Lynch et al., 2001). This has 

also been demonstrated with regard to risky behaviors in women (e.g., borderline personality 

disorder symptoms; Eisenlohr-Moul et al., 2015; emotional eating; Klump et al., 2013). Yet, 

these interactive effects of E2 and P4 have not been evaluated in relation to substance abuse 

and specifically on drinking in humans. The only known study to examine hormonal effects 

on drinking found an association between higher E2 and increased drinking among 60 

premenopausal women using an assessment of two time points one year apart, averaged 

together, with no consideration of P4 (Muti et al., 1998). In sum, the results of previous 

studies in animals and humans, most of which have utilized cycle phase, suggest that 

elevated E2 and lower P4 may be risk factors for substance abuse. Therefore, the current 

study examined the dynamic effects of E2 and P4 across the menstrual cycle on a 

particularly common forms of substance use and abuse in women: alcohol use and binge 

drinking.

Hormonal effects on human behavior are often strongly shaped by environmental factors. 

For example, the influence of cyclical hormonal status on female sexual behavior has been 

found to differ according to romantic relationship status (Haselton & Gandestad, 2006). In 

college student populations, drinking is most pronounced on the weekends, likely due to 

increased drinking opportunities (Del Boca, Darkes, Greenbaum, & Goldman, 2004). 

Therefore, in our study, weekend status was considered as important permissive 

environmental factor likely to facilitate an impact of hormonal states on drinking. With 

regard to alcohol use in young women, the availability of drinking opportunities may be a 

particularly important environmental factor, including whether one’s friends drink, 
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attendance at social events, and availability of alcohol. In the present study, we also 

considered a variety of possible covariates that may influence drinking, hormones, or both, 

including legal drinking status, BMI, race, daily medication use, and daily positive and 

negative affect. These covariates were retained when they demonstrated significant 

associations with drinking or hormones.

Our study was the first to examine ovarian hormonal effects across the menstrual cycle on 

alcohol use and binge drinking within young adult women by repeatedly evaluating levels of 

E2 and P4 as well as drinking across the menstrual cycle. Although no experimental data are 

available to speak to the temporal delay of behavioral ovarian steroid effects in humans, 

animal data indicate a lag time of roughly 24 hours (Bless et al., 1997); therefore, a one-day 

lag was used to evaluate the effects of yesterday’s hormone levels on today’s alcohol use. 

Consistent with the existing evidence, our hypotheses were that the likelihood of drinking 

and binge drinking will be increased when E2 levels are high and P4 levels are low, an 

interactive effect that is consistent with a late follicular, or preovulatory, phase effect. We 

also hypothesized that weekend status will play a permissive role in the association between 

hormones and drinking, such that the links between yesterday’s hormones and today’s 

drinking will be stronger on weekends versus weekdays. An additional set of analyses was 

carried out to confirm the directionality of hormone-drinking associations by predicting 

tomorrow’s hormone levels from today’s alcohol use (reverse directionality).

Method

Participants

The original sample was comprised of 33 naturally-cycling women recruited through a 

university subject pool and flyers posted around the university and surrounding areas. The 

sample utilized in the present study consisted of the subsample of 22 women (67%) who 

reported at least one episode of drinking in daily reports. This subsample of 22 women were 

aged 18–22 (Mean = 19.99, SD = 1.48). They identified as Caucasian (70.6%), African 

American (18.2%) or other (11.8%), and 1 participant identified as Hispanic, approximately 

representative of the university population (i.e., 75% Caucasian, 15% African-American, 4% 

Asian, and 6% Hispanic or Latino). Average BMI was 24.10 (SD = 4.92).

Procedure

The authors assert that all procedures contributing to this work comply with the ethical 

standards of the relevant national and institutional committees on human experimentation 

and with the Helsinki Declaration of 1975, as revised in 2008 and was approved by the local 

university IRB. After signing informed consent consistent with local IRB, APA, and NIH 

guidelines, participants completed a screening visit during which study eligibility criteria 

were assessed. Exclusionary criteria included primary sensorimotor handicap, neurological 

disorder (e.g., seizure disorders, brain tumor, cerebral palsy, hydrocephalus, head injury with 

loss of consciousness), known pervasive developmental disorder (i.e., autism, Asperger’s, 

Rett’s, childhood disintegrative disorder), reported psychosis (i.e., schizophrenia, 

hallucinations, delusions), diagnosed intellectual disability, known hormonal abnormalities 

(e.g., Polycystic Ovarian Syndrome, thyroid conditions), including irregular cycles (i.e., 
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cycles shorter than 21 days or longer than 35 days or fluctuating by more than 10 days 

across cycles, per self report), and current medical use of hormonal preparations (e.g., oral 

contraceptives), psychostimulants, or antipsychotic medications. Other medication use was 

measured daily in an open-ended manner. 3 women in the drinking subsample reported 

using prescribed SSRIs daily (between-person variable). Of note, SSRI use was not 

associated with mean drinking or hormone levels across the cycle. At the screening 

appointment, participants’ weight and height were also measured since Body Mass Index 

(BMI) can impact hormone levels (Lukanova et al., 2004).

Eligible and interested participants subsequently completed 35 days of daily data collection. 

Every morning, participants provided saliva samples (described below), as well as a short 

questionnaire about medication use, food intake, and onset of menses. All participants 

reported taking some form of medication over the course of the study. The most common 

included over-the-counter medications for pain, gastrointestinal distress, cold and flu, and 

allergies. No participants reported use of corticosteroids. None of the participants reported 

eating immediately upon waking, suggesting that saliva collection directions were followed. 

At this time, participants also completed a measure of drinking, described below. These 

measures were time- and date-stamped, and daily reminders about data collection were 

provided by email. Participants who completed any follow-up data collection (i.e., 

completed at least one additional questionnaire or provides at least one additional saliva 

sample) received $50, participants who completed over 50% of data collection received $75, 

and participants who completed all follow-up data collection received $100.

Measures

Cycle Phase Coding—Cycle day was coded using methods described by Edler (2003). 

The first day of self-reported menses was coded as 1; from this day 1, cycle day was counted 

backward to −15, and forward to +10. There was no day 0. Cycle phases were coded as 

Early Follicular (days +3 to +7), Ovulatory (−15 to −12), Midluteal (−9 to −5) and 

Premenstrual (−3 to +1). Appropriate categorization was verified using visual inspection of 

hormone data to confirm that (1) the ovulatory phase contained the peak E2 level within a 

given person and that (2) the midluteal phase contained the peak level of P4 within a given 

person. Grand means and SDs for E2 and P4 by cycle phase are as follows (graphed in 

Figure 1): early follicular levels of E2 (M = 1.61, SD = .73) and P4 (M = 75.60, SD = 53.88) 

were low; ovulatory levels of E2 (M = 2.57, SD = 1.16) were high, and ovulatory levels of 

P4 were moderate (M = 128.54, SD = 87.79); midluteal levels of E2 (M = 2.06, SD = .89) 

were moderate, and midluteal levels of P4 were high (M = 175.43, SD = 120.11); finally, 

premenstrual levels of E2 (M = 1.75, SD = .72) and P4 (M = 115.59, SD = 89.97) were 

moderate (see Figure. Therefore, E2 and P4 showed expected trajectories across the 

menstrual cycle (Strauss & Barbieri, 2013).

Daily Salivary E2 and P4—Saliva samples were collected via passive drool by 

participants each morning thirty minutes after waking and subsequently frozen. Samples 

from every other day were assayed due to cost. Participants were instructed not to eat, drink, 

brush teeth, or smoke before saliva collection. No participant reported violation of this 

morning protocol in daily diaries. Salivary E2 (pg/mL) and P4 (pg/mL) were determined 
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using enzyme immunoassay kits available through Salimetrics and assayed through campus 

Clinical Center for Translation Science. For E2, the Salimetrics 17β-Estradiol immunoassay 

kit had a sensitivity of 0.1 pg/mL, and the sample precision (% coefficient of variation) 

ranged from 0.7 to 14.5. For P4, the Salimetrics immunoassay kits had a sensitivity of 5 

pg/mL (from 0), and the sample precision (% coefficient of variation) ranged between 1.05 

and 14.8. These saliva-based assays demonstrate high and significant correlations of 0.8 (p<.

01) with serum levels of estradiol and progesterone, based on validity data provided by the 

kit manufacturer (Salimetrics). All participants showed peak P4 levels consistent with an 

ovulatory cycle (Howards et al., 2009).

Daily Alcohol Use and Binge Drinking—Each morning, participants reported the 

number of units of alcohol that they had consumed in the past 24 hours using an adaptation 

of the Timeline Followback Interview (Sobell & Sobell, 1994; Sobell et al., 1996). This 

interview has good reliability and validity in this population (Tonigan, Miller, & Brown, 

1997) and for this purpose (Del Boca, Darkes, Greenbaum, & Goldman, 2004). Units were 

defined as one shot, one beer, one glass of wine, or one mixed drink. Two daily binary 

outcomes were defined from this response: (1) whether or not the woman drank alcohol at 

all on the previous day, and (2) whether the woman drank 4 or more drinks (binge drinking) 

on the previous day. Although binge drinking has been defined in a variety of ways, this 

corresponds to the definition provided by the CDC (http://www.cdc.gov/alcohol/fact-sheets/

binge-drinking.htm). In analyses, the drinking variables were lagged so they were outcomes 

occurring 1–2 days subsequent to the measured hormone predictors (see supplemental 

schematic). We also examined whether participants were of legal age to drink (i.e., over the 

age of 21) in analyses since this could impact drinking frequency.

Daily Positive and Negative Affect—Daily affect was measured via daily online survey 

using the 20-item version of the Positive and Negative Affect Schedule (PANAS; Watson, 

Clark, & Tellegen, 1988). This measure asks the individual to indicate the extent to which 

they have experienced each of 20 affective states on a scale from 1 (very slightly or not at 

all) to 5 (extremely). Ratings for the 10 positive affective states (e.g., proud, strong) and the 

10 negative affective states (e.g., irritable, afraid) were averaged to arrive at a daily positive 

affect score and a daily negative affect score.

Analytic Plan

Operationalization of Ovarian Steroid Levels—Steroid levels were defined as levels 
of E2 and P4 one day prior to the drinking outcome day, standardized within person using a 
woman’s individual mean and standard deviation for E2 or P4 across all observations; this 

allows for the sensitive detection of effects related to deviations from a woman’s hormonal 

equilibria across the month (Klump et al., 2013)1. Therefore, negative values on a hormone 

variable indicate that the hormone level on the day before the drinking outcome was lower 
than the woman’s average level of the hormone across the entire cycle, whereas positive 

values indicate that the hormone level on the day before the drinking outcome was higher 

1Use of person-centered rather than person-standardized coefficients did not substantively change results for models using within-
person levels as predictors; therefore, person-standardized variables were retained in final models in order to maximize specificity to 
each woman’s endocrine environment (Klump et al., 2008).
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than the woman’s average level of the hormone across the entire cycle. Therefore, these 

variables have been standardized to remove all between-person variance in hormone levels, 

and represent pure within-person variance in hormone levels across the menstrual cycle.

Multilevel Models

Model Specification Details: Initially, normal multilevel models were examined using the 

daily number of drinks variable as an outcome; however, this resulted in non-normally 

distributed residuals, indicating a need to use zero-inflated models, for which statistical 

power was inadequate. Therefore, logistic models were utilized to predict daily drinking and 

daily binge drinking using log-link, binary outcome multilevel models in SAS PROC 

GLIMMIX, in which daily observations were nested within women. In all models, random 

intercepts were specified. Random slopes for the effects of steroid predictors were 

considered but eliminated in each case due to nonsignificance and failure to improve model 

fit; retention of these nonsignificant random slopes did not substantively alter results. 

Because hormonal predictors were person-standardized, coefficients and odds ratios for 

hormonal predictors in Table 1 can be interpreted as the effect of a one person-SD increase 

in the predictor relative to one’s person mean.

Preliminary analyses were first carried out in SAS PROC GLIMMIX and SAS PROC 

MIXED to examine bivariate associations of potential covariates with hormones and 

drinking. Additional preliminary descriptive analyses in SAS PROC GLIMMIX examined 

the influence of day of the week and menstrual cycle phase on daily drinking outcomes.

Primary analyses testing hypotheses were carried out in SAS PROC GLIMMIX predicting 

daily alcohol variables from (1) standardized BMI and legal drinking status (0 = Underage 1 

= Legal Age) as person-level covariates selected on the basis of significant bivariate 

associations with estradiol and drinking, respectively, (2) daily dichotomous weekend status 

(Thursday–Sunday = 1; Monday–Wednesday=02 ) as a time-varying covariate, (3) 

yesterday’s levels of E2, (4) yesterday’s levels of P4, (5) their interaction, and (6) the two- 

and three-way interactions of steroid levels with weekend status.

Secondary analyses in SAS PROC MIXED were examined to rule out an influence of 

yesterday’s dichotomous alcohol on today’s hormone levels (reverse directionality).

Results

Descriptive Information

The drinking subsample (N=22) included 707 total days, with a mean of 32 days provided 

per woman. Because hormone data was available only for every other day, the final sample 

of days included in analyses included 353 days, including an average of 16 days from each 

woman; the number of days contributed by each woman ranged from 11 to 19. This included 

97 drinking reports (13.7% of days; range = 0–15 days of drinking) and 31 binge drinking 

reports (4.3% of days). Twelve women (54% of the drinking sample of 22) reported at least 

2An alternative definition of weekend status excluding Thursday from the weekend (i.e., where Friday–Sunday=1 and Monday–
Thursday=0) did not substantively change results.
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one episode of binge drinking. Mean drinks per day on drinking days in this drinking 

subsample was 3.14 (SD = 2.80); among women who ever reported binge drinking, the mean 

drinks per day on drinking ways was 6.19 (SD = 3.01). Sixteen participants (73%) in the 

drinking subsample reported being under the legal U.S. drinking age.

Preliminary Analyses: Bivariate Associations of Potential Covariates with Drinking and 
Hormones

Preliminary analyses were conducted predicting daily hormones (normal multilevel models 

with hormone levels as outcome) and daily drinking (logistic multilevel models with daily 

drinking as outcome) from potential covariates in order to determine their relevance to later 

analyses. Some previous work has documented low levels drinking in African American 

students (Siebert et al., 2003); however, in this sample, non-white race was not significantly 

associated with mean daily drinking, nor was it associated with mean hormone levels (p’s > .

35). Daily medication use was also not significantly associated with daily drinking or 

hormone variables on the same or the following day (p’s > .52).

We also examined associations of hormones with daily affect and drinking, given that some 

women demonstrate effects of hormones on mood (Epperson et al., 2012). In normal 

multilevel models, we predicted today’s positive or negative affect from yesterday’s person-

standardized hormonal predictors. Consistent with the notion that not all women experience 

psychiatric hormone sensitivity (Schmidt et al., 1998), there were no significant effects of 

yesterday’s E2 or P4 on today’s positive or negative affect in this sample of healthy women 

(all p’s > 0.26). Next, we predicted daily drinking from daily person-standardized positive 

and negative affect, but found no significant associations (all p’s > .47).

BMI was not a significant predictor of mean drinking (p < .22). However, consistent with 

previous work (Lukanova et al., 2004), we found that standardized BMI was associated with 

significantly higher mean levels of E2 (Estimate: .51, SE = .12, t(20) = 4.22, p < .0001) but 

was not significantly related to P4 (p < .39). Therefore, BMI was included as a covariate in 
further analyses to exclude variance in hormonal predictors that may be due to BMI rather 
than the influence of the menstrual cycle. Legal drinking status is of primary theoretical 

importance as a covariate given that legal drinking status increases access to alcohol. Indeed, 

legal drinking status predicted greater mean levels of drinking (Estimate: .26, SE = .05, X2 = 

4.81, p = .02, Odds Ratio = 1.30) in this sample. Therefore, both BMI and legal drinking age 
were retained as a covariate in further analyses.

Preliminary Analysis: Does Day of the Week Predict Alcohol Use?

Consistent with reports by others (Del Boca et al., 2004), alcohol use in the present sample 

followed a weekly cycle in which alcohol use was substantially higher on Thursday through 

Saturday, with intermediate levels of drinking on Sunday, and much lower levels of drinking 

Monday through Wednesday. Dichotomous weekend status (where Thursday through 

Sunday = 1) strongly predicted the likelihood of drinking (γ = 1.36, SE = 0.30, t(685) = 

4.53, p < .0001, Odds Ratio: 3.90, 95% CI for Odds Ratio: 2.16 to 7.04) and binge drinking 

today (γ = 2.33, SE = 0.48, t(685) = 4.83, p <.0001, Odds Ratio: 10.34, 95% CI for Odds 
Ratio: 4.00 to 26.72). Therefore, this variable was retained for moderation analyses.
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Preliminary Analysis: Does Menstrual Cycle Phase Predict Alcohol Use?

Grand means and SDs for drinking risk and binge drinking risk across the four menstrual 

cycle phases were as follows, and are graphed in Figure 1: early follicular drinking risk (M = 

0.047, SD = 0.21) and binge drinking risk (M = 0.026, SD = 0.16) were low; ovulatory 

drinking risk (M = 0.13, SD = 0.33) and binge drinking risk (M = 0.040, SD = 0.19) were 

high; midluteal drinking risk (M = 0.075, SD = 0.26) was moderate and midluteal binge 

drinking risk (M = 0.013, SD = 0.11) was low, and premenstrual drinking risk was 

moderately elevated (M = 0.099, SD = 0.30) while premenstrual binge drinking risk (M = 

0.051, SD = 0.21) was high. These between-person descriptives were suggestive of increased 

drinking and binge risk in the ovulatory and premenstrual phases, but required confirmation 

using within-person models that account for the nested structure of the data.

Results of within-person models comparing the effects of the four coded menstrual cycle 

phases (early follicular, ovulatory, midluteal, and premenstrual; Edler et al., 2003) on daily 

drinking also revealed patterns consistent with our hypotheses. With regard to the likelihood 

of drinking at all on a given day, the ovulatory phase was associated with a greater 

likelihood of drinking compared with the early follicular phase (γ = 1.32, SE = 0.44, 

t(121.8) = 2.97, p = 0.0035, Odds Ratio: 3.75, 95% CI for Odds Ratio: 1.55 to 9.01), and the 

premenstrual phase was also associated with a greater likelihood of drinking compared with 

the early follicular phase (γ = 0.92, SE = 0.43, t(132) = 2.09, p = 0.038, Odds Ratio: 2.50, 

95% CI for Odds Ratio: 1.05 to 5.98); other contrasts between phases were not statistically 

significant. With regard to the likelihood of binge drinking on a given day, the ovulatory 

phase was associated with a greater likelihood of binge drinking compared with the early 

follicular phase (γ = 1.42, SE = 0.70, t(134) = 2.01, p = 0.048, Odds Ratio: 4.19, 95% CI 
for Odds Ratio: 1.03 to 18.34), and the premenstrual phase was also associated with a 

greater likelihood of drinking compared with the early follicular phase (γ = 1.58, SE = .71, 

t(138.9) = 2.21, p = 0.028, Odds Ratio: 4.87, 95% CI for Odds Ratio: 1.18 to 20.06); other 

contrasts between phases were not statistically significant. In order to determine whether the 

rising E2 or falling E2 days of the ovulatory phase were responsible for the effect of 

ovulatory phase on drinking, we conducted additional follow-up analyses in which the 

ovulatory phase was split into two windows based on the hormonal data: pre-E2 peak and 

post-E2 peak. Results clearly indicated that all results of ovulation described above could be 

accounted for by greater drinking and binge drinking risk on pre-E2 peak days (e.g., just 

preovulatory).

Primary Analysis: Do Daily Ovarian Steroids Predict Alcohol Use or Binge Drinking?

Results of models predicting both daily drinking and daily binge drinking from E2 and P4 

levels and interactions of steroid levels with weekend status are presented in Table 1. 

Significant interactions are depicted in Figure 2, and are further characterized using simple 

slope analyses at the bottom of Table 1. As hypothesized, there were significant three-way 

interactions between E2, P4, and weekend status predicting both drinking and binge 

drinking. Steroid levels were predictive of drinking outcomes only on weekend days. Simple 

slope analyses, presented at the bottom of Table 1, indicated that high E2 on weekend days 

predicted a greater likelihood of drinking and binge drinking; these effects of E2 were 

strongest when P4 was low (i.e., presumably driven by days prior to ovulation, when P4 
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remains at low levels; see Figure 1) and were attenuated but still significant when P4 was 

high (i.e., presumably driven by the luteal phase, when the corpus luteum produces high 

levels of P4; see Figure 1). Odds ratios for these simple slope analyses indicated that a one 

person-SD elevation above the person mean of E2 was associated with a 26% increase in the 

probability of drinking and a 125% increase in the probability of binge drinking when P4 

was 1 person-SD below the person mean. A similar elevation of E2 was associated with a 

19% increase in the probability of drinking and a 27% increase in the probability of binge 

drinking when P4 was 1 person-SD above the person mean. Thus, high E2 exacerbated 

drinking, particularly in the context of low P4, but high P4 attenuated the effects of high E2, 

with all effects stronger on weekends.

Secondary Analysis: Does drinking or binge drinking today predict tomorrow’s hormone 
levels?

In order to rule out the possibility that drinking or binge drinking on a given day impacted 

hormonal levels on the following day, reversed models were conducted. These models 

specified steroid levels on the following day as a function of dichotomous daily drinking or 

binge drinking today and revealed no significant prospective effects of drinking or binge 

drinking on levels of E2 and P4 (both p’s > .58) or P4 (both p’s > .49). Therefore, while 

yesterday’s steroid levels prospectively predicted today’s drinking, yesterday’s drinking did 

not prospectively predict today’s hormone levels.

Post-Hoc Power Analyses

Post-hoc power analysis for multilevel models can be conducted as sensitivity analyses in 

which one determines the smallest detectible effect size given the observed intraclass 

correlation (ICC) observed for the outcome. Intraclass correlation coefficients for both daily 

drinking (ICC = 0.15) and daily binge drinking (ICC = 0.23) indicated that the majority of 

the variance in drinking was at the within-person level, leading to an adjusted N of 108 

observations for the drinking outcome, and an adjusted N of 79 observations for the binge 

drinking outcome. Sensitivity analyses using G*Power indicated that detectible ranges of 

effect sizes (in this case, odds ratios) for drinking (ORs below 0.48 and ORs above 2.06) and 

binge drinking (ORs below 0.42 and ORs above 2.37) were consistent with an ability to 

detect conventionally small-to-medium effects (Chen, Cohen, & Chen, 2010) of a single 

predictor in a model in which other predictors account for 25% of the variance in drinking.

Discussion

Overall, study results suggested that within-person fluctuations in the ovarian steroids E2 

and P4 influenced alcohol use across the menstrual cycle. Specifically, high E2 on the 

weekend was associated with increased risk of drinking and binge drinking. Though this 

effect of E2 was significant at all levels of P4, the effect was stronger when P4 was low and 

weaker when P4 was high, likely reflecting the antagonistic influence of P4 on E2. These 

steroid effects were present only on weekend days, presumably when there were more 

opportunities to drink. Such effects were consistent with our menstrual cycle phase findings, 

which demonstrated preovulatory and premenstrual increases in drinking. Importantly, odds 
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ratios suggest that these could be relatively large effects, implying possible clinical and 

practical importance.

Overall, results indicating effects of elevated E2, especially in the context of low P4, on 

drinking are consistent with increases in female risk-taking around ovulation (Ellis et al., 

2012; Geary, 2010). Animal studies suggest biological pathways through which these effects 

may occur. High E2 decreases GABA neurotransmission, which increases dopamine release 

in the striatum and nucleus accumbens (Becker & Hu, 2008; Lynch, Roth, & Carroll, 2002). 

In addition, high E2 downregulates dopamine receptor binding (Becker & Hu, 2008). 

Abnormalities in dopaminergic neurotransmission and elevated E2 can increase reward 

sensitivity, which is a key mechanism of substance craving, use, and other risk-taking 

behaviors (Dreher et al., 2007; Hyman, Malenka, & Nestler, 2006; Koob & Le Moal, 2001; 

Löfgren et al., 2009; Volkow et al., 2010). This might also provide a partial explanation for 

increases in alcohol use and other risk-taking behaviors around puberty (Spear, 2010), again 

potentiated by rapidly rising levels of sex steroids.

High P4 may antagonize these E2 effects by moderating E2 dopaminergic effects on 

substance abuse in the early and mid-luteal phase. P4 declines in the late luteal 

(premenstrual) phase may also directly motivate alcohol use. Alcohol and the neuroactive 

steroid metabolites of P4 (especially allopregnanolone, or ALLO) share GABAergic 

mechanisms of action (Ginsburg et al., 2008; Torres & Ortega, 2003). Therefore, P4/ALLO 

declines might increase alcohol consumption as a method of compensating for decreased 

GABAergic activity, which may cause both aversive arousal and increased risk taking 

(Keisner et al., 2012; Löfgren et al., 2006). Such effects of P4 declines on alcohol use are 

consistent with both animal work and research in women with premenstrual dysphoric 

disorder (PMDD). Of note, however, exploratory analyses did not reveal any main or 

interactive effects of hormones on distress (PANAS negative affect) in the present study; 

therefore, further work is needed to investigate the possibility of affective mediation, and to 

examine whether alternative mechanisms, such as changes in executive cognitive control 

over risk taking, may be relevant.

Although the majority of work on the menstrual cycle focuses on the perimenstrual period as 

a source of risk, the present results suggest that future work should also focus on the role of 

the preovulatory period in risk for impulsive behaviors and alcohol use. In the present 

sample, ovulatory E2 peaks generally ranged between two and three person-standard 

deviations above a woman’s E2 mean. More specifically, the mean of the person-

standardized E2 values in the ovulatory phase was 2.53 (indicating that the average E2 level 

during the ovulatory phase is 2.53 person-standard deviations above one’s average E2 across 

the cycle). Extrapolating from the size of the probed coefficient for E2 on weekend days 

when P4 is low (i.e., OR = 2.24 in Table 1), we estimated that the increased odds of binge 

drinking on a weekend day in the ovulatory phase (a 2.53-SD increase in E2) are 

approximately 5.66. This is a large, potentially clinically significant effect with possible 

clinical implications. Of course, these results need to be replicated in a larger, clinical 

sample before making firm conclusions about clinical implications.
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However, if results were replicated, these results might suggest the importance of 

considering hormonal profiles or menstrual cycle phase when assessing substance abuse. 

This is in contrast with current assessment practices, which assume that the behavioral 

manifestation of substance abuse is relatively static across the menstrual cycle. Such changes 

in magnitude of drinking risk with hormonal changes across the menstrual cycle also 

suggests that there may very well be changes in the magnitude or even direction of sex 

differences in drinking if men and women are compared at different points of women’s 

menstrual cycles (or menstrual cycle phase if hormone levels are not taken into account). In 

addition, results might also suggest the importance of both psychosocial and pharmacologic 

treatments targeted around ovulation and the perimenstrual period, and other important 

reproductive periods characterized by rapid changes in sex hormones, such as puberty with 

perhaps specific targeting of women who exhibit larger fluctuations in sex hormones, similar 

to postmenopausal hormone treatment for cognitive function (e.g., Resnick et al., 2006; 

Rocca, Grossardt, & Shuster, 2011). Furthermore, such results suggest a large impact of 

environmental influences, such as opportunity for drinking during social events and 

availability of alcohol on weekends on college campuses. This suggests the importance of 

work more carefully assessing specific environmental risk factors influencing hormonal 

effects on drinking and teaching women strategies for managing environmental factors 

particularly during particular points of their menstrual cycle. Finally, our results also suggest 

that further studies should explore a potentially therapeutic impact of hormone stabilization 

on substance abuse.

Crucially, it remains unclear whether drinking associated with menstrual cycle phase and 

ovarian steroid levels observed in the present study are due to ovarian steroid levels, absolute 
changes in ovarian steroids (i.e., destabilizing effects of change not dependent on direction; 

as in Schiller et al., 2014 and Gordon et al., 2015), or directional changes in ovarian steroids 
(i.e., effects of hormones that depend on their direction of change; as in McNamara et al., 

2014 and Gordon et al., 2016). Determining whether levels or changes are responsible for 

potential ovarian steroid hormone effects on substance use is a critical question for future 

research, as it would have important implications for eventual translation of this work to 

treatment strategies for women with substance abuse. If levels are responsible, increasing or 

decreasing mean levels of hormones may be therapeutic. However, if absolute or directional 

change is responsible, then stabilization of hormone levels, regardless of levels, might be 

therapeutic.

The current study had a number of strengths. It was the first study to examine daily alcohol 

use in relation to repeated measures of ovarian steroids. Yet, the study was limited in its use 

of every-other-day hormone samples, an inexact measure of binge drinking, and a relatively 

small sample of drinkers who were mostly underage which did not provide adequate power 

to detect small higher-order interaction effects and might impact generalizability of study 

results.

Conclusions

In summary, elevated E2, particularly in the context of low P4, predicted increased drinking 

in young adult females, effects that were mirrored in increased drinking on pre-ovulatory 
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and premenstrual days. Therefore, clinicians might consider assessing menstrual cycle phase 

and/or hormone levels during clinical evaluations of drinking in young women and consider 

taking such information into account in determination of substance use disorder diagnosis. 

Further work is needed to evaluate whether hormone stabilization interventions could be 

beneficial for women with substance use disorders.

Supplementary Material
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Figure 1. 
Means and SDs for Estradiol and Progesterone (pg/mL; TOP ROW) and Drinking Variables 

(BOTTOM ROW) across the menstrual cycle.

Means and Standard Deviations for Estradiol, Progesterone, Probability of Drinking, and 

Probability of Binge Drinking Across Menstrual Cycle Phases.
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Figure 2. 
Interactive Within-Person Effects of Recent E2 Levels and Recent P4 Levels on Drinking 

(TOP) and Binge Drinking (BOTTOM) on Weekend Days.

On Weekend Days, E2 was positively associated with risk for drinking, and this was 

especially true when P4 was low (top panel); E2 was also positively associated with binge 

drinking on weekend days, although this was only true when P4 was low (lower panel).
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Table 1

Models Predicting Daily Alcohol Use from Weekend Status and Recent Ovarian Steroid Levels

Outcome

Parameter
Daily Alcohol Use Daily Binge Drinking (>=4 Drinks)

Estimate SE Estimate SE

Intercept −2.33** 0.40 −4.72** 0.85

BMI 0.11 0.22 −.20 .65

Legal Drinking Status 0.14* 0.06 0.02 .69

Weekend Status 0.93* 0.37 2.20* 0.71

Recent E2 0.28* 0.12 1.00** 0.33

Recent P4 −0.08 0.18 0.37* 0.18

E2 × P4 −0.08 0.12 −0.05 0.22

Wknd × E2 0.00 0.01 −0.33 0.59

Wknd × P4 0.00 0.28 −0.99** 0.38

Wknd × E2 × P4 0.04** 0.01 −0.12* 0.06

Simple Effects of Within-Person E2 Levels on the Weekend

At Low P4 0.23* 0.11 0.81* 0.36

 Odds Ratio (95% CI) 1.25 (1.02 to 1.56) 2.24 (1.11 to 4.55)

At High P4 0.17* 0.083 0.24* 0.11

 Odds Ratio (95% CI) 1.18 (1.01 to 1.39) 1.27 (1.02 to 1.57)

Note.

*
p < .05

**
p < .01

***
p < .001.

All hormones are standardized within person (calculated as today’s value minus one’s person mean, divided by one’s person standard deviation). 
E2 = Estradiol, P4 = Progesterone. Low P4 = 1 standard deviation below the person mean; High P4 = 1 standard deviation above the person mean. 
Significant fixed effects are shown in bold.
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