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Background: The female sex hormones estradiol (E) and progesterone (P) galvanize the ventral striatal reward
pathway. E elevates ventral striatal dopamine and accelerates drug-cued reinstatement, while P has opposing
‘protective’ effects on drug-related behavior. We hypothesize that women may exhibit greater ventral striatal
responses to smoking cues (SCs) during the late follicular phase of the menstrual cycle (MC) when E is high and

‘S/\:r?;l(?;lg unimpeded by P, and reduced responses during the late luteal phase when P is high.

Cigarettes Methods: To test our hypothesis, 24 naturally cycling cigarette-dependent women completed functional magnetic
Estradiol resonance (fMRI) sessions over the course of 3 MCs at select time points to reflect the early follicular (low E and
Progesterone P; LEP, control condition), late follicular (high E, low P; HE) and mid-luteal (high E, high P; HEP) MC phases.

During fMRI sessions (counterbalanced by phase), women were exposed to a SC versus nonSC audio-visual clip.
Ovulation was verified for each MC, and hormone levels were acquired prior to sessions.

Results: Contrasts within conditions showed that ventral striatal brain responses to SCs versus nonSCs were
negligible during LEP and greater during HE (p=0.009) and HP (p=0.016). Contrasts across conditions showed
that HE and HEP had greater responses than LEP (p=0.005), and HE had greater responses than HEP (p=0.049).
Conclusions: Results support and extend our retrospective cross-sectional study of the influence of the hormonal
milieu on SC reactivity. Results are clinically relevant as they may guide novel, hormonally-informed and imme-

diately translatable treatment strategies that can potentially reduce relapse in naturally cycling women.

1. Introduction

Several convincing lines of research indicate that female gonadal sex
hormones galvanize the ventral striatal reward pathway (Carroll et al.,
2009; Di Paolo et al., 1985; Dluzen and Anderson, 1997; Lynch et al.,
2002; Thompson and Moss, 1994; Yoest et al., 2018), a key compo-
nent of motivational circuitry and reward-related behavior (Kalivas and
Volkow, 2005; Yoest et al., 2018). Estradiol (E) and progesterone (P)
are the two major ovarian hormones that influence female brain func-
tion and behavior (Becker et al., 2002). In preclinical studies examin-
ing the properties underlying motivated ‘addictive’ brain and behav-
ioral responses, E elevates ventral striatal dopamine and accelerates
both drug-cued and drug-primed reinstatement, an animal model of re-
lapse, while P has opposing ‘protective’ effects on drug-related behavior
(Becker and Hu, 2008; Di Paolo et al., 1985; Dluzen and Anderson, 1997;
Lynch, 2008). For example, self-administration of nicotine, an animal
model of drug-seeking, is positively correlated with the E to P ratio and
inversely correlated with P (Lynch, 2009). Clinical research examining
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the influence of hormones on addiction processes is generally support-
ive of the animal literature (Becker et al., 2017; Fattore et al., 2008;
Wetherill et al., 2016). Research has shown that exogenously adminis-
tered P decreases the positive subjective effects of combustible cigarette
smoking and associated craving (Sofuoglu et al., 2001), reduces smoking
intensity as measured by puff volume (Harrison et al., 2020), and higher
within-person P levels predict reductions in the number of cigarettes
smoked per day (Baker et al., 2020). These studies and others (DeVito
et al., 2014; Mello, 2010; Schiller et al., 2012) suggest that P, of which
levels are greatest relative to E during the mid-luteal phase of the men-
strual cycle, may offer some protection over drug-seeking behavior and
drug use.

Based on the preclinical and clinical research briefly outlined above,
we hypothesize that women may experience nicotine, cigarettes, and
smoking reminders as more rewarding when E is high and unimpeded
by P. Possible consequences are relapse in those who have quit or
greater difficulty during a quit attempt (Franklin and Allen, 2009). Thus,
in Franklin et al. (2015), we retrospectively grouped women by self-
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Fig. 1. Three consecutive menstrual cycles (MCs) are shown in A., B., and C. The X axis denotes days, 1 — 28. The Y axis denotes hormone levels. E, estradiol levels
are shown in red and P, progesterone levels are shown in blue. Light pink background signifies the early follicular phase (low E and P, LEP), dark pink signifies
the late follicular phase (high E and low P, HE), and blue signifies the mid-lutual phase (high E and high P, HEP). Magnetic resonance imaging (MRI) occurred at
strategic intervals over the course of the three MCs (one MRI per month) to capture the greatest variability in E and P (counterbalanced across participants).

reported MC phase and utilized a functional magnetic resonance imag-
ing (fMRI) smoking cue paradigm to examine the influence of MC phase
on neural responses to smoking cues. Women were categorized as luteal
(the 14 days prior to the first day of menses) or follicular (the remaining
days of the MC) (Reed and Carr, 2000). We observed that the follicu-
lar phase of the MC, when E is high and unopposed by P, is associated
with greater reward-related neural responses to smoking cues than dur-
ing the luteal phase (Franklin et al., 2015). However, our study was
significantly limited in that it was cross-sectional, and MC phase was
not biochemically verified. Thus, we designed the current fMRI study
to prospectively test our hypothesis in a new cohort of naturally cy-
cling women. We aimed to link biochemically verified hormonal status
with reward-related responses to smoking cues in a longitudinal coun-
terbalanced design. Because of its role in addictive motivated behavior,
we focused on the ventral striatum. Specifically, we hypothesized that
(1) women will exhibit greater reward-related responses to appetitive
smoking cues during the late follicular phase (high E) compared to the
early follicular phase (low E and P), and (2) women will exhibit reduced
reward-related responses during the mid-luteal phase (high P, high E)
compared to the early follicular phase.

The World Health Organization identifies cigarette smoking as the
leading cause of 6 out of 8 of the top diseases that lead to premature
death (World Health Organization, 2011). Compared to men, it is well-
documented that the health burden of smoking is higher for women
(Huxley and Woodward, 2011; Stabile and Siegfried, 2003), and smok-
ing cessation is more difficult to attain (Smith et al., 2016). Approxi-
mately 35% of women of childbearing age do not use contraception,
and another 9% use a condom (Center for Disease Control, 2018), sug-
gesting that approximately 44% of women of childbearing age expe-
rience a naturally-occurring MC. Thus, information provided by the
current study is clinically relevant, may generalize to other substance
use disorders, and may guide novel, hormonally-informed and immedi-
ately translatable treatment strategies with the potential to reduce re-
lapse, thereby aiding in our quest to improve smoking cessation rates for
all.

2. Methods
2.1. Design overview

The current longitudinal, within-subjects neuroimaging study exam-
ined the influence of biochemically-verified ovarian hormone fluctua-
tions on the ventral striatal response to smoking cues (SCs) in naturally
cycling women who smoke combustible cigarettes over 3-4 menstrual
cycles. Participants completed at least 3 hormone biochemical verifica-
tion visits and 3 fMRI sessions over the course of the study. As previ-
ously described (Wetherill et al., 2021) and shown in Fig. 1, a typical
28-day menstrual cycle (MC) has three major hormonal phases. MRIs
were scheduled once per MC at carefully selected time points to reflect

the early follicular (low E and P; LEP), late follicular (high E, low P;
HE) and mid-luteal (high E, high P; HEP) phases. LEP served as the con-
trol condition as hormonal influences are negligible during this time of
the MC. Ovulation was verified for each MC, and hormone levels were
acquired prior to fMRI sessions to ensure proper MC phase assignment.

2.2. Recruitment

The study was conducted at the Center for Studies of Addiction at the
University of Pennsylvania, Philadelphia, PA, USA. All procedures were
approved by the University of Pennsylvania’s Institutional Review Board
and were conducted in accordance with the Declaration of Helsinki. All
participants provided written informed consent.

Physically and mentally healthy females aged 18 to 45 years (age
cutoff is to prevent the inclusion of peri-menopausal females) were re-
cruited using flyers, advertisements, and social media platforms (e.g.,
Facebook). Eligible participants smoked > 5 cigarettes/day and smoked
> 1 year prior to study start and practiced a medically acceptable, non-
hormonal method of birth control (i.e., diaphragm or condom, nonhor-
monal intrauterine device, or abstinence). Exclusion criteria included
the use of nicotine products other than cigarettes; currently attempting
to quit smoking; a positive urine drug screen for drugs other than nico-
tine or cannabis; a current DSM-5 Axis I diagnosis (other than nicotine
use disorder, mild or moderate cannabis use disorder, and mild or mod-
erate alcohol use disorder) as determined by a psychological examina-
tion by a trained clinician using the Mini-International Neuropsychiatric
Interview (MINI) (Sheehan et al., 1998); a diagnosis of endometriosis,
polycystic ovarian syndrome, or premenstrual dysphoric disorder; use of
a hormonal contraceptive during the 2 months prior to screening; preg-
nancy, lactating, or a desire to become pregnant over the next 4 months;
irregular or missing menses during the 3 months prior to screening; ir-
regular MC length (outside of a 23-32 day window) as determined by
a physical examination and structured medical history performed by a
nurse practitioner; and any MRI contraindications (Dill, 2008). Ninety
women successfully consented via telephone interviews. Of those, 43
were not enrolled. Ten women were lost to follow up, and 4 lost inter-
est. The remaining 29 were excluded during the baseline physical and
psychological visit because of the following reasons: 11, psychological
comorbidities; 7, physical health issues; 1, irregular MC length; 2, tak-
ing medications that affect brain homeostasis; 1, receiving treatment for
substance use disorder; 1, positive drug screen; 1, pregnant; 2, MRI in-
compatible; and 3, negative cotinine. Forty-seven women were enrolled
in the study, of which 15 were withdrawn for the following reasons: 1,
health issue; 6 noncompliant with study procedures; 1, irregular ovu-
lation; 1, irregular hormone levels; 1, irregular MC length; 1, positive
pregnancy test; and 4, lost interest or lost to follow up. Of the 32 remain-
ing participants, 2 quit smoking during the study, and 6 had hormone
levels on one or more of the fMRI session days that did not correspond
to the correct MC phase. This resulted in a final sample size of 24 par-



T.R. Franklin, N.H. Spilka, H. Keyser et al.

ticipants that completed 3 fMRI sessions during the 3 phases of the MC
under investigation.

2.3. Procedures

Following informed consent and screening, eligible participants par-
ticipated in a baseline examination scheduled during their LEP phase
to verify the self-report of MC status, record baseline serum hormone
levels, and conduct a pregnancy test. During this visit, research staff
instructed participants on the appropriate use of an ovulation predic-
tor kit and advised participants on topical and/or oral medications to
avoid throughout the study that could interfere with hormone assays.
Participants were then counterbalanced to one of 3 conditions (LEP;
corresponding to 2-5 days after the onset of menses, HE; correspond-
ing to 7-14 days after the onset of menses or HEP; corresponding to 5-7
days after ovulation). Given that MC length is variable across women
(Lenton et al., 1983), these timeframes were adjusted based on each
woman’s natural MC (Wetherill et al., 2021). After verifying ovulation,
biochemical verification of hormonal status and MRI visits were sched-
uled and completed. MRI visits were scheduled to occur once per month
to allow for a wash-out period (average length of time between visits was
(mean + SEMs) 28.8 + 3.50.

MRI test days began at the same time of day for all participants to re-
duce interference from diurnal hormonal fluctuations (Bao et al., 2003).
Participants provided a urine sample for drug, pregnancy, and cotinine
testing and a saliva sample for hormonal assay assessment. Participants
smoked a cigarette approximately 90 minutes prior to scanning. The
scanning session included a 5-minute resting-state blood oxygen level-
dependent (BOLD) scan, a 5-minute resting-state pseudo-continuous ar-
terial spin-label perfusion scan, and a 10 min SC task during BOLD
data acquisition, the focus of the current study. To assess self-reported
craving, withdrawal, and mood throughout the scanning session, par-
ticipants completed the Within Session Rating Scale (WSRS), a brief 9-
item measure designed to measure state-related mood, cigarette crav-
ing, and interest in task-related stimuli (formerly the Craving and With-
drawal Questionnaire) (Childress et al., 1999; Franklin et al., 2015, 2007;
Wetherill et al., 2013).

2.4. Biochemical measurements

2.4.1. Hormone measurements

The blood (serum) samples acquired to verify hormone status
were assayed by the Penn Fertility Care Endocrine Laboratory (same
or next day). Test Day saliva samples were stored in a (-) 86°C
freezer and shipped in bulk to Zava Research Testing (CLIA-certified,
#38D0960950). Evidence of ovulation was tracked using the Ovulation
Predictor Kit manufactured by ClinicalGuard®. Pregnancy was assessed
using FDA-approved urine pregnancy test strips that measure the pres-
ence f-human chorionic gonadotropin.

2.4.2. Nicotine measurements

Expired carbon monoxide (CO), an indicator of recent smoking be-
havior, was measured using a calibrated CO gas-monitoring device man-
ufactured by MicroDirect®. At the consent visit, a rapid qualitative nico-
tine test was used to detect cotinine. At subsequent visits, a quantitative
cotinine screen was used to assess cigarette smoking. Samples were as-
sayed at the Veteran’s Affairs Medical Center Pathology and Laboratory
Medical Services, Philadelphia, PA.

2.5. Smoking cue and nonsmoking cue stimuli and cue task

The smoking and nonsmoking cues for this task were explicitly de-
signed for the demographic of the current study and are described in
detail and illustrated in our proof of concept study (Wetherill et al.,
2021). Briefly, the appetitive SCs include people 20-40 years of age and
of various ethnic-racial identities engaged in activities such as driving,
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conversing with others, strolling and engaging in behavior indicative of
‘enjoyment’ while smoking cigarettes. Comparator nonSCs include sim-
ilar but different actors engaged in similar activities while explicitly not
smoking. The 10-minute cue paradigm consists of 20 10-second fixation
cross screens (a black screen with an X at its center) interspersed with
10 of each 20-second SCs and nonSCs in a fixed order. No other cue
types were presented. Stimuli were presented using E-prime (version
3.0, Psychology Software Tools Inc.).

A different but similarly valenced cue set was presented at each MRI
session to control for possible habituation effects. MRI scheduling and
cue sets were counterbalanced by MC phase to control for order effects.

2.6. Analyses

2.6.1. MRI acquisition, preprocessing, and analyses

As in our previous publications (Regier et al., 2022; Wetherill et al.,
2014a), T2*-weighted BOLD images were acquired on a Siemens MAG-
NETOM 3.0 Tesla scanner (Siemens AG, Erlangen, Germany). Param-
eters used for the single-shot gradient echo (GRE) echo planar imag-
ing (EPI) sequence were: field of view (FOV) = 192, matrix 64 X 64,
repetition time (TR) = 2000 ms, echo time (TE) = 30 ms, flip an-
gle = 80°. Images were slice time corrected, realigned and unwarped,
co-registered to the structural MRI image (T1-weighted 3-dimensional
high resolution magnetization-prepared rapid acquisition with gradient
echo; MPRAGE); FOV = 240, matrix 192 x 256, TR = 1820 ms, TE = 3.5
ms, flip angle = 9°, voxel size = 0.9 x 0.9 x 1 mm), normalized to the
Montreal Neurological Institute (MNI) standard space, and smoothed
using an 8-mm full-width at half-maximum Gaussian kernel. Individ-
ual first-level (within-subject) analyses were conducted using a general
linear model to measure relationships between event-related BOLD sig-
nals and regressors encoding experimental conditions (e.g., SCs versus
nonSCs). Experimental conditions and canonical hemodynamic response
functions were convolved to create regressors. Motion estimates made
during motion correction were added as control factors. Analyses were
conducted using Statistical Parametric Mapping software (SPM12, Well-
come Department of Cognitive Neurology, London, UK) within a MAT-
LAB environment (MATLAB 2019a; The Mathworks, Inc., Natick, Mas-
sachusetts, USA).

2.6.2. Behavioral data analyses
Statistical significance tests used an alpha of .05. Continuous vari-
ables were summarized by calculating means and SEMs.

2.6.3. Hormonal analyses

One-way repeated-measures ANOVAs were used to analyze saliva
ovarian hormone concentrations. Post-hoc pairwise comparisons were
made using t-tests (Bonferroni corrected).

3. Results
3.1. Participants

Participants were 24 naturally cycling women with an average age
of (means + SEMs) 30.9 + 1.3 and 14.8 + 0.3 years of education. Partici-
pants smoked 11.1 + 1.1 cigarettes per day for 13.6 + 1.3 years, provid-
ing a pack year score of 7.9 + 1.3. Cigarette dependence was moderate
as measured by the Fagerstrom Test for Cigarette Dependence (4.0 +
0.3) (Fagerstrom, 2012). One participant met criteria for a current DSM-
5 Axis I diagnosis of mild alcohol use disorder, and 1 participant met
criteria for mild cannabis use disorder. Four women self-identified as
non-Hispanic Black and twenty as non-Hispanic White. Participant’s MC
length was normalized to the average length of all participants (M=28.6
days, SEM=0.42) by dividing the day of the participant’s MC, wherein
hormonal assays were acquired, by the length of that month’s MC, mul-
tiplied by the average MC length of all participants (Wetherill et al.,
2021). Normalized MC phase day on the day of MRI was LEP, 4.4 +
0.42; HE, 13.2 + 0.34 and HEP, 22.7 + 0.49.
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Table 1

Craving scores (means + SEM) were derived from responses to item 3 of the
Within Session Rating Scale (WSRS), “On a scale from 1 to 7 with 1 being
the least and 7 being the most, how much do you desire a cigarette right
now?” HE, high estradiol/low progesterone condition (late follicular phase);
HEP, high estradiol/high progesterone condition (mid-luteal phase); LEP, low
estradiol/low progesterone condition (early follicular phase).

Phase Baseline Pre-Cue Exposure Post-Cue Exposure Post (-) Baseline
HE 3.23+0.31 3.82+0.38 4.23 +0.38 1.00 + 0.25
HEP 3.67 £0.35 4.08 +0.43 4.13 + 0.41 0.46 + 0.18
LEP 3.11+0.33 3.67 +0.43 3.89 + 0.46 0.78 + 0.36
p value

HE vs HEP 0.08

HE vs LEP 0.61

HEP vs LEP 0.40

3.2. Hormones

The mean fluctuations in ovarian hormones corresponded well with
the literature (Becker et al., 2005). A one-way repeated measures
ANOVA showed a significant effect of MC phase on saliva E and P con-
centrations, F(1, 21) = 12.48, p = 0.002 and 155.54, p < 0.001, re-
spectively. Post-hoc pairwise comparisons using t-tests with Bonferroni
correction indicated that saliva E levels were significantly higher during
HE (means + SEM) (0.96 + 0.04 pg/ml) compared to LEP (0.42 + 0.04
pg/ml; p < 0.001) and not different between HE and HEP (0.89 + 0.06
pg/ml; p > 0.05). Saliva E levels were significantly higher during HEP
than during LEP (p < 0.001). Saliva P concentrations during LEP and
HE were low and steady (19.60 + 3.22 and 18.37 + 2.51 ng/ml, respec-
tively) and were highest during HEP (115.21 + 7.47 ng/ml) compared
to LEP (p < 0.001) and HE (p < 0.001).

3.3. Craving

Craving scores were derived from item 3 of the WSRS, “On a scale
from 1 to 7 with 1 being the least and 7 being the greatest, how much do
you desire a cigarette right now?” acquired at baseline, and before and
after the cue task (See Table 1). There were no significant differences
between conditions in the most relevant craving score when measuring
cue-induced craving (baseline cue-exposure score subtracted from the
post-cue exposure Score).

3.4. Ventral striatal responses to SCs

To test whether hormones affected the ventral striatal response to
SCs versus nonSCs, small volume correction using a 4mm sphere cen-
tered on the left and right ventral striatum (x, y, z; + 14, 12, 12) in SPM
12 was applied. Contrasts within conditions showed brain responses to
SCs versus nonSCs were not significantly different during LEP (p = 0.16)
and were greater during HE (p = 0.009) and HP (p = 0.016), FWE cor-
rected. Contrasts across conditions showed that HE and HEP had greater
responses than LEP (p = 0.005), and HE had greater responses than HEP
(p = 0.049), FWE corrected (see Fig. 2).

4. Discussion
4.1. Overview

We tested the hypothesis that during HE, when E is elevated and
unopposed by P, ventral striatal responses to SCs (vs nonSCs) would be
greater than during LEP, when levels of both hormones are steady and
low. We also tested whether, during HEP, when P levels are at their high-
est, ventral striatal responses to SCs would be more attenuated than dur-
ing LEP. This study, during which women participated in 3 MRIs spaced
over 3 MCs, timed to occur during LEP, HE and HEP, showed that re-
sponses to SCs were greatest during HE, still strong but somewhat less
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during HEP and nonexistent during LEP. Results suggest that E enhances
vulnerability to drug cues and that while P may offer some protection
against the powerful pull of cues, the least vulnerable time of the MC is
when both E and P are low. The results of the study have the potential
to improve our understanding of the influence of hormones on addic-
tive processes and suggest that simply timing quit smoking attempts to
occur during the early follicular phase could improve smoking cessation
success.

These results support and extend our previously published study of
the influence of the hormonal milieu on SC reactivity (Franklin et al.,
2015), wherein we reported that the follicular phase was associated
with greater brain responses to SCs compared to the luteal phase.
In Franklin et al. (2015), we retrospectively grouped women by self-
reported MC phase as a proxy for ovarian hormones, which were not
acquired. Our design was, of necessity, cross-sectional: Women were
grouped as luteal (the 14 days prior to the first day of menses) or fol-
licular (the remaining days of the MC). Although sufficient information
was acquired to identify MC phase with reasonable accuracy (first day
of last menses, MC length, regularity, method of birth control), we were
unable to verify whether ovulation occurred or to verify definitive hor-
monal status. With the current biochemically-verified within-subjects
study design that pinpointed times of the MC wherein the hormonal mi-
lieu was the most dissimilar, we provide a more rigorous analysis of
hormonal effects on brain response.

The findings of this study most likely only apply to naturally cy-
cling women and likely do not translate to women taking exogenous
hormones. Exogenous hormone treatment (i.e., oral contraceptives) gen-
erally consists of 3 weeks of medication that provides low and steady
levels of both E and P, followed by a one-week wash-out period. The
low levels of E and P prevent ovulation. Thus, there is no menstrua-
tion, per se, but during the wash-out period, women experience pseudo-
menses (loss of blood). Menstruation is the cyclic, orderly sloughing of
the uterine lining in response to complex interactions of multiple hor-
mones including the major players, P and E, but also inhibin A, inhibin
B, follicle-stimulating hormone, gonadotropin-releasing hormone, aro-
matase, and 3p-hydroxysteroid dehydrogenase to name just a few, pro-
duced by the brain (hypothalamus and pituitary gland) and the ovaries
(Reed and Carr, 2000). Here we have focused on three timepoints within
the MC that comprise hormonal milieus that are vastly different in E and
P that may influence brain and behavioral responses to SCs. In support,
Allen et al. 2019 conducted a review that included an examination of
oral contraceptive use on subjective symptoms of smoking behavior, in-
cluding craving, with inconclusive results (Allen et al., 2019).

4.2. Lessons learned

There are multiple ways in which hormone concentrations can be ac-
quired, and the choice is driven by the prevailing hypotheses and other
factors, such as availability of assays, subject burden, practicality and
funding constraints. We began our study by acquiring saliva-based hor-
mone measures for our MRI test day data. Unfortunately, the laboratory
that conducted our hormone analyses uses a detection threshold of 0.5 -
2 pg/ml for E, which was insufficient to capture the granular variability
in E that occurs over the MC. This prevented us from testing an initial
goal, which was to use hormonal concentrations as continuous variables
within the fMRI data, which would strengthen the scientific value of our
study.

We discovered no difference in E levels between HE and HEP condi-
tions (Wetherill et al., 2021). This was surprising given that the litera-
ture does not generally highlight the second peak in E that occurs during
the mid-luteal phase of the MC, and representations of the MC suggest it
is lower than the pre-ovulatory peak. Our focus on the mid-luteal phase,
when luteal-E levels are high, might have reduced our ability to observe
stronger protective effects of P. Attention to the early luteal phase, dur-
ing which there is a drop in E following ovulation, while P continues
to rise, may be an important focus for future studies. Alternatively, a
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HEP

Fig. 2. Neural responses to smoking cues (SCs) compared to nonsmoking cues (nonSCs) in the ventral striatum (VS) of women at 3 separate timepoints of the
menstrual cycle; the late follicular phase, associated with high levels of estradiol (HE), the early follicular phase, associated with low levels of E and progesterone
(LEP), and the mid-luteal phase, associated with high levels of E and P. Top panel: Representative fMRI sagittal (top), axial (middle), and coronal (bottom) brain
slices analyzed using Statistical Parametric Mapping software. Bottom panel: Axial slice with VS circled. Small volume correction (4mm sphere) centered on the left
and right VS (x, y, z; + 14, 12, 12) was applied. Contrasts within conditions showed brain responses to SCs versus nonSCs were not significantly different during
LEP (p = 0.16) and were greater during HE (p = 0.009) and HP (p = 0.016). Contrasts across conditions showed that HE and HEP had greater responses than LEP
(p = 0.005), and HE had greater responses than HEP (p = 0.049). FWE-corrected data are displayed neurologically (left is left). Greater brain responses are shown

in red to yellow (strongest) hues.

more accurate value of hormonal levels (e.g., serum values) may aid
in more specifically defining the roles of each of these major fluctuat-
ing hormones. This would also allow an examination of E and P ratios,
which have been shown to be an important variable in hormone research
(Harrison et al., 2020; Lynch, 2009; Schiller et al., 2012). Nonetheless,
our hormone assay collection timepoints, which were acquired at the
same time of day for each MRI to minimize diurnal hormonal fluctua-
tions, and were acquired during carefully selected timepoints of the MC
to maximize the potential to observe hormonal influences, allowed us
to sufficiently test our primary hypotheses.

Notably, a link with smoking behavior (i.e., craving) was not estab-
lished. There are at least 3 plausible contributors to this null finding.
First, our sample size is small. The study was halted mid-way due to the
global COVID pandemic, and restrictions on recruitment prevented us
from collecting a sample size that would provide the power necessary to
observe behavioral differences. Second, the study design was not opti-
mal for examining drug cue-induced craving because drug cues and non-
drug cues were interspersed, potentially distracting participants. A third
reason relates to the secondary aim of the study. Based on our previous
and replicated findings of the effect of dopamine transporter genotype
on brain and behavioral smoking cue reactivity (Franklin et al., 2011,
2009; Wetherill et al., 2014b), our secondary aim was to test for an inter-
action between hormonal status and dopamine transporter (DAT) geno-
type, which may interject variability in overall results. Thus, exploratory
analyses were conducted by parsing subjects by DAT genotype, result-
ing in extremely small sample sizes. However, analyses suggest a strong
genetic influence and an interaction with the hormonal milieu on SC
responses (see supplementary materials).

4.3. Strengths and limitations

The repeated measures counterbalanced design is a strength of the
study. Another strength is using the natural and ideal comparator con-
dition, LEP, which is associated with negligible levels of both E and P.
Further, the within-subjects study design reduces the natural variance
across individuals. Another strength of the study is our use of three
similarly-valenced cue sets that were counterbalanced and presented
over three temporally distinct MCs.

Notable limitations include potential confounds in internal and ex-
ternal validity. Due to an intensive study design and strict recruitment
criteria, the results may suffer from selection bias and lack of generaliz-
ability to all naturally cycling women who smoke cigarettes.

4.4. Summary

This is the first study to accurately and precisely link ovarian hor-
monal status to the brain’s response to drug cues, a primary relapse
trigger. This within-subjects longitudinal study extends the current lit-
erature by showing that elevated levels of E, such as what is observed in
the late follicular phase and during the mid-luteal phase, are associated
with greater responses to SCs in a key region of the brain long stud-
ied for its role in motivated drug-seeking behavior, the ventral striatum
(Kalivas and Volkow, 2005). It also shows that when E is unopposed by
P, such as in the late follicular phase, brain responses to SCs are even
greater in the ventral striatum. These results identify specific times of
the MC when quitting smoking may be affected by ovarian hormones
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in naturally cycling women and pinpoint the LEP phase as the least SC-
vulnerable time of the MC. Guided by our current knowledge base, LEP
may be the ideal time of the month to quit smoking.
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