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Modeling intra-individual fluctuations in estradiol and progesterone may provide unique insight into the effects of ovarian hormones on the
etiology and treatment of nicotine dependence. This randomized placebo-controlled laboratory study tested the independent and
interactive effects of intra-individual ovarian hormone variation and nicotine on suppression of tobacco withdrawal symptoms and smoking
behavior. Female smokers randomized to 21 mg nicotine (TNP; n= 37) or placebo (PBO; n= 43) transdermal patch following overnight
abstinence completed three sessions occurring during hormonally distinct menstrual cycle phases. At each session, participants provided
saliva for hormone assays and completed repeated self-report measures (ie, tobacco withdrawal symptoms, smoking urge, and negative
affect (NA)) followed by an analog smoking reinstatement task for which participants could earn money to delay smoking and
subsequently purchase cigarettes to smoke. Higher (vs lower) progesterone levels were associated with greater reductions in NA. Higher
(vs lower) progesterone levels and progesterone to estradiol ratios were associated with reducing smoking urges over time to a greater
extent with TNP compared to PBO. There was an interaction between Patch and estradiol on NA. With TNP, higher-than-usual estradiol
was associated with greater decreases in NA. However with PBO, lower-than-usual estradiol was associated with greater decreases in NA.
These results suggest that the effects of TNP on mood- and smoking-related outcomes may vary depending on the ovarian hormone
levels.
Neuropsychopharmacology (2018) 43, 828–837; doi:10.1038/npp.2017.216; published online 11 October 2017

��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

There is some evidence that females compared to males may
be less successful when making a smoking quit attempt
(Japuntich et al, 2011; McKee et al, 2015; Smith et al, 2015;
Wu et al, 2015). Female smokers may have stronger
motivation to reinstate smoking after abstinence than males
because they experience more severe negative affect (NA),
urge to smoke, and other tobacco withdrawal symptoms
during abstinence (Leventhal et al, 2007; Pang and Leventhal,
2013). Additionally, female (vs male) smokers may hold
stronger cognitive expectations that smoking suppresses NA
(Pang et al, 2015). Consequently, there has been interest
in identifying female-specific biological determinants of

tobacco withdrawal and smoking reinstatement during acute
abstinence.
Progesterone and estradiol (the primary estrogen)—sex

hormones produced by the ovaries—modulate neural
systems involved in mood and reward (Engman et al, 2016;
Henningsson et al, 2015; Lynch et al, 2002; Lynch and
Sofuoglu, 2010) and are plausible female-specific determi-
nants of smoking motivation (Wetherill et al, 2016). Given
that these hormones fluctuate in a somewhat cyclical fashion
during the menstrual cycle, initial smoking research on this
topic has studied the effects of menstrual cycle phase as a
proxy for endogenous estradiol and progesterone levels, but
have produced inconsistent effects on tobacco withdrawal
and smoking reinstatement across investigations (see
Weinberger et al, 2015 for meta-analysis and review).
Staged menstrual cycle phase-based research hinges on

prototypical patterns of variation in which estradiol peaks in
the follicular phase (menses to ovulation) and progesterone
peaks in the luteal phase (ovulation until next menses). Yet,
within-phase hormone peaks are short-lived and therefore
difficult to capture (eg, 3-day estradiol peak in follicular
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phase). In addition, cycle length and the magnitude and
shape of within-phase ovarian hormone vary widely among
females (Fehring et al, 2006; Mumford et al, 2012). Recent
recommendations for smoking research calls for the direct
measurement of ovarian hormones (Wetherill et al, 2016).
In one such study, larger within-person decreases in

estradiol and progesterone between two experimental
sessions was associated with increased puff intensity during
ad lib smoking and lower progesterone to estradiol (P/E)
ratios were associated with taking more puffs (Schiller et al,
2012). Further evidence comes from a 4-week cessation trial,
which found that increasing progesterone levels and P/E
were predictive of abstinence in the following week in
participants receiving transdermal nicotine patch (TNP;
Saladin et al, 2015). While such findings provide suggestive
evidence that intra-individual variation in hormone levels
and ratio of hormone levels (irrespective of cycle phase) may
be important, interpreting hormone-smoking associations
using standard analytic methodologies is complicated by
phenotypic heterogeneity in ovarian functioning across
females, such that some females have higher circulating
estradiol and progesterone levels than others regardless of
menstrual cycle phase (Mumford et al, 2012). Between-
person phenotypic variation may obscure and confound the
effects of intra-individual (ie, within-person) hormonal
spikes or troughs across the menstrual cycle. Optimal
characterization of menstrual-related hormone effects on
tobacco withdrawal and reinstatement requires both: (1)
repeated measurement of ovarian hormones and tobacco
withdrawal and smoking reinstatement responses across
multiple time points within the menstrual cycle; and (2)
statistical modeling strategies capable of parsing within- and
between-person variance in hormone levels (Hedeker et al,
2012).
This human laboratory study tested the independent and

interactive effects of intra-individual ovarian hormone
variation and TNP or placebo patch (PBO) on tobacco
withdrawal symptoms, urge to smoke, NA, and an analog
smoking reinstatement task at three visits spanning different
points of the menstrual cycle. Multi-level repeated measures
statistical modeling strategies were used to parse within- and
between-person variance to isolate the direct effects of intra-
individual changes in ovarian hormone levels and whether
these effects were different across TNP and PBO. Given
suggestive prior evidence of inverse associations of proges-
terone with smoking urge and behavior (Schiller et al, 2012;
Sofuoglu et al, 2011), we hypothesized when women were
tested at higher than the person-level average levels of
progesterone, they would exhibit lower smoking urges, lapse
behavior, and cigarettes smoked. Additionally, given evi-
dence that the effects of progesterone on smoking outcomes
may depend on nicotine, we hypothesized that the effects of
progesterone would be greater in the TNP compared to the
PBO condition. Findings have not shown as strong of a role
for estradiol on smoking-related outcomes. However, one
study did find decreasing estradiol levels increased smoking
(Schiller et al, 2012). Thus, we hypothesized that participants
would smoke fewer cigarettes when estradiol is higher-than-
usual. Lastly, we hypothesized that participants would smoke
less when P/E ratios are higher.

MATERIALS AND METHODS

Participants

Participants were 124 female, non-treatment-seeking daily
smokers recruited from the Los Angeles area via advertise-
ments for a paid study on the menstrual cycle and smoking.
The University of Southern California Internal Review Board
approved all procedures, and all participants provided
informed consent. Inclusion criteria required participants
to (a) be 18–40 years of age, (b) report regular menstrual
cycles lasting 24–35 days in the past 3 months, (c) be a
regular smoker for at least the past year (⩾10 cigarettes/day),
(d) have normal eyesight, and (e) be fluent in English.
Exclusion criteria included (a) current non-nicotine sub-
stance dependence, (b) baseline breath carbon monoxide
(CO) levels ofo10 ppm, (c) current use of nicotine
replacement therapy, psychiatric medications implicated in
smoking cessation, or regular use of any other tobacco
products, (d) past 3-month use of hormonal medications
including birth control, (e) history of hysterectomy or intent
to obtain hysterectomy in the next 30 days, (f) a desire to quit
or to substantially reduce smoking in the next 30 days, (g)
pregnancy or breastfeeding in the past 6 months or intent to
get pregnant in the next 30 days, (h) history of medical
contraindications for nicotine patch (eg, arrhythmia, hyper-
tension), and (i) allergy to capsaicin cream.
Following a preliminary telephone eligibility screening,

potentially eligible participants (n= 174) were scheduled for
an in-person screening session. Of those screened, 124 were
deemed eligible at baseline. Of these, 26 participants did not
complete any experimental sessions including one that was
dropped for twice failing to meet abstinence criteria during
the first experimental session, 16 (TNP n= 9, PBO n= 7)
completed only one experimental session including one that
was excluded for a positive pregnancy test prior to the
second experimental session, and 1 in the TNP condition
completed only two experimental sessions. Additionally, one
participant was removed from analyses because they did not
have usable hormonal data from all three experimental
sessions (ie, estradiol data from one experimental session
was found to be over 10 SD above the sample’s mean
estradiol level). This left a sample of 80 participants with data
from all three experimental sessions included in the final
analyses.

Design and Procedure

Participants attended an in-person screening session invol-
ving informed consent, eligibility assessments, and comple-
tion of baseline measures. Participants subsequently attended
three identical in-person experimental sessions that corre-
sponded with days of the menstrual cycle associated with
distinct hormone level profiles: early follicular (EF), late
follicular (LF), and mid-luteal (ML) corresponding to
roughly days 1–5, 11–13, and 17–20 for a 28-day cycle.
Experimental sessions began at 8:30 am and ended at 5:00

pm. Sessions began with the administration of a pregnancy
test and breath CO (Vitalograph Inc, Lenexa, KS) and
alcohol breathalyzer analyses (BACtrack Select S80; BAC-
track Breathalyzers/KHN Solutions, Inc., San Francisco, CA).
Individuals showing non-compliance with smoking absti-
nence (ie, CO49 ppm) were rescheduled (n= 10) and those
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found non-compliant twice were dropped from further
participation (n= 1). Patch administration occurred approxi-
mately 30 min after the start of the experimental session and
patch removal occurred approximately 295 min after admin-
istration. All patches were concealed with a gauze bandage
treated with capsaicin 0.075% cream, which provides a
minor tingling sensation to prevent the detection of any skin
irritation caused by active TNP (NicoDerm CQ; GlaxoS-
mithKline, Research Triangle Park, NC; Gilbert et al, 2005).
For the remainder of the experimental session, participants
completed (a) subjective and cardiovascular assessments
administered 10 min prior to patch administration, and then
at 10, 40, 70, 100, 130, 160, 225, 280, 430, and 460 min after
patch administration; (b) cognitive tasks assessing atten-
tional processes and response inhibition (data not reported
here); and (c) an analog smoking reinstatement task
assessing acute motivation to reinstate smoking that began
300 min after patch administration (5 min after patch
removal).

Measures

Ovarian hormones. Participants provided 2 ml saliva
samples for progesterone and estradiol hormone assays at
the outset of all sessions. Samples were stored on site in a
203.15 K freezer before being shipped overnight on dry ice to
Salimetrics, LLC (Carlsbad, CA) for salivary estradiol and
progesterone enzyme immunoassays. Salivary estradiol and
progesterone have been shown to correlate with levels
measured by serum and plasma and to reliably detect
hormone peaks during normal ovulatory cycles (Choe et al,
1983; Riad-Fahmy et al, 1983; Shirtcliff et al, 2000;
Worthman et al, 1990).

The Minnesota nicotine withdrawal scale. The Minnesota
nicotine withdrawal scale (MNWS; Hughes and Hatsukami,
1986): This study used an eight-item variant of the MNWS
(ie, craving for nicotine, irritable/angry, anxious/tense,
difficulty concentrating, restlessness, impatient, excessive
hunger, and increased eating), which is a widely used
measure of tobacco withdrawal. Participants rated the
severity of symptoms experienced ‘right now’ on a 6-point
Likert scale from 0 (none) to 5 (severe). A mean score was
calculated from all items with higher scores indicating
greater withdrawal severity (Leventhal et al, 2010). Previous
studies demonstrate that the MNWS exhibits satisfactory
internal consistency and construct validity (Toll et al, 2007).

The brief questionnaire of smoking urges. The brief
questionnaire of smoking urges (QSU; Cox et al, 2001):
The QSU is a 10-item scale assessing smoking urges
experienced ‘right now.’ Items are self-statements of urge
states (eg, ‘I have a desire for a cigarette now’). Participants
rated their agreement with each item using a 6-point Likert
scale from 0 (strongly disagree) to 5 (strongly agree). A mean
score of all items was calculated, with higher scores
indicating greater smoking urge. The QSU has demonstrated
excellent psychometric properties in previous samples (Cox
et al, 2001).

The positive and negative affect schedule. The positive
and negative affect schedule (PANAS; Watson et al, 1988):
This study utilized the 10-item NA (eg, ‘irritable,’ ‘afraid,’
‘distressed’) subscale. Participants rated the extent to which
they experienced NA items ‘right now’ on 5-point Likert
scale from 1 (very slightly) to 5 (extremely), with higher
scores indicating greater overall NA experienced. The
PANAS has shown excellent psychometric properties
(Watson et al, 1988).

Analog smoking reinstatement task. The analogue smok-
ing reinstatement task (McKee, 2009) measures ability to
resist smoking reinstatement under conditions in which it is
advantageous to remain abstinent (McKee, 2009; McKee
et al, 2006). Responses on this task have been shown to be
sensitive to tobacco abstinence (Leeman et al, 2010). During
this task, participants are monetarily rewarded to (a) delay
the opportunity to smoke (outcome: length delayed to first
cigarette (range: 0–50 min)), and (b) smoke fewer cigarettes
once given the opportunity to smoke (outcome: number of
cigarettes smoked (range: 0–8)). See Pang and Leventhal
(2013) for full task protocol.

Demographic, menstrual assessment, and smoking history
questionnaire. An author-constructed questionnaire was
used to obtain demographic information, menstrual cycle
regularity (eg, dates of last two menstrual cycles, average
cycle length), and smoking characteristics (eg, cigarettes
smoked per day).

Fagerström test for nicotine dependence. The Fagerström
test for nicotine dependence (FTND) (Heatherton et al,
1991) is a six-item self-report measure of nicotine depen-
dence severity. Scores range from 0 to 10, with higher scores
reflecting greater nicotine dependence. The FTND has
shown good predictive and convergent validity to both
dependence-related biochemical markers and self-report
measures (Payne et al, 1994).

Data Analysis

Preliminary analyses. Preliminary analyses involved com-
paring sample characteristics in the full sample and by Patch
(TNP vs PBO). T-tests and chi-square tests were used to
evaluate whether patch-type group differed in continuous
and categorical/ordinal demographic and smoking charac-
teristics, respectively. Generalized estimating equations were
run between sample characteristics and outcomes, and those
that significantly associated with outcomes were included as
covariates in primary models. Preliminary analyses also
involved plotting the distribution of raw hormonal data in
histograms (Supplementary Figure 1). General linear mixed
models were conducted to test whether: (1) estradiol and
progesterone levels differed between phases (EF was used as
the reference phase because it is considered the hormonal
baseline), and (2) within-subject estradiol levels associated
with within-subject progesterone levels. As a manipulation
check, general linear mixed models were conducted to test
main effects of Patch on smoking- and withdrawal-related
outcomes and Patch × time interactions on withdrawal-
related outcomes. To determine whether phase independently
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associated with outcomes, general linear mixed models
were conducted to test the main effect of phase (reference
phase=EF; controlling for patch, time, and all covariates
included in the final models) on smoking- and withdrawal-
related outcomes.

Primary analyses. To determine within-person changes in
ovarian hormones, estradiol and progesterone levels were
person-centered (ie, [Session hormone level]− [Person’s
average hormone level across all sessions]; Enders and
Tofighi, 2007). Thus, the within-subject estradiol and
progesterone levels reflect session deviation from one’s
own personal mean for each hormone, with positive values
reflecting higher-than-usual levels and negative values
reflecting lower-than-usual levels for that individual. Ad-
ditionally, to control for phenotypic variance in propensity
towards high or low hormones, between-subject (ie, grand
mean centered) estradiol and progesterone variables were
computed and added as covariates. Phase was included as a
planned categorical variable in order to examine the
predictive validity of hormone levels on outcomes beyond
that of menstrual cycle phase.

General linear mixed models were conducted to test main
and interactive effects of Patch and within-subject changes in
estradiol and progesterone on smoking- and withdrawal-
related outcomes. Withdrawal outcomes (ie, MNWS, QSU,
PANAS-NA) were assessed over time (ie, every 30 min with
the first measurement occurring approximately 10 min after
patch administration) and were modeled as change from
baseline (ie, [assessment score]− [pre-patch score]). For the
withdrawal-related outcomes: Model 1 included Patch, time
(ie, repeated assessments occurring at each session), the
interaction of Patch × time, within and between-subject
effects of progesterone, and covariates; Model 2 added
Patch ×within-subject progesterone, and time ×within-sub-
ject progesterone; and Model 3 added the three-way
interaction of Patch ×within-subject progesterone × time.
As analog smoking reinstatement task outcomes were only
measured once per experimental session, a time factor was
not needed for these outcomes. For analog smoking
reinstatement task outcomes: Model 1 included Patch,
within- and between-subject effects of progesterone, and
covariates; Model 2 added the interaction of within-subject
progesterone × Patch. Identical models were conducted with
estradiol and P/E as the hormone predictor. To control for
overall error rate due to multiple testing (ie, 3 hormones × 5
outcomes= 15 tests), we used a Bonferroni corrected
po0.003. All statistical analyses were conducted in SPSS,
version 22.

RESULTS

Preliminary Analyses

As depicted in Table 1, there were no significant differences
between patch groups on any demographics or smoking
characteristics. Race (African American/Black vs other),
years of regular smoking, number of cigarettes a day, FTND,
and number of past serious quit attempts associated with at
least one outcome and were included as covariates along with
the planned covariates of phase and between subject
hormone levels in all models. Estradiol was significantly

lower in the EF than LF phase (estimate= 0.38, p= 0.02).
Progesterone was significantly lower in the EF than ML
phase (estimate= 0.08, po0.001). Within-subject estradiol
was significantly associated with within-subject progesterone
(estimate= 3.14, po0.001). Menstrual cycle phase did not
significantly associate with time to start smoking, MNWS,
QSU, or NA (estimates= − 0.95 to.05, ps40.07). Participants
smoked less cigarettes during the LF than EF menstrual cycle
phase (estimate= − 0.24, p= 0.03).
MNWS and QSU decreased from pre-patch administra-

tion to a greater extent over time with TNP compared to
PBO (Patch × time interactions: estimates= − 0.04 to − 0.10,
pso0.05; Figure 1a and b). Participants receiving TNP
compared to PBO waited longer to smoke (Main effect of
Patch: estimate= 14.45, p= 0.001) and smoked fewer cigar-
ettes (Main effect of Patch: estimate= − 0.44, p= 0.03).

Primary Analyses

Within-person progesterone effects. There was a main
effect of within-subject progesterone, such that higher
within-subject progesterone level was associated with larger
change in baseline decreases in NA (Table 2, Model 1:
estimate= − 0.63, po0.001). Additionally, the within-person
effect of progesterone on decreases from pre- to post-patch
was even greater with TNP compared to PBO for QSU
(Table 2, Model 3: estimate= − 1.35, po0.001; Figure 1c).
There were no significant main or interactive effects of
within-subject progesterone on MNWS or the analog
smoking reinstatement task (Table 2).

Within-subject estradiol effects. There was a main effect of
within-subject estradiol, such that higher within-subject
estradiol level was associated with a larger decrease from
baseline in NA (Table 3, Model 1: estimate= − 0.05,
p= 0.002). Higher-than-usual estradiol was associated with
a diverging pattern across PBO and TNP with greater
decreases in NA with TNP, but smaller decreases with PBO
(Table 3, Model 2: estimate= − 0.12, po0.001; Figure 1d).
There were no significant main or interactive effects of
within-subject estradiol on MNWS, QSU, or the analog
smoking reinstatement task.

Within-subject P/E ratio effects. Higher within-subject P/E
ratios were associated with lower QSU change from baseline
(Table 4, Model 1: estimate= − 3.18, p= 0.002). There was
also a significant patch×P/E ratios × time interaction showing
that the effect of the ratio on QSU was greater with TNP
compared to PBO (Table 4, Model 3: estimate= − 3.38,
po0.001). There were no significant main or interactive
effects of P/E ratios on MNWS, NA, or the analog smoking
reinstatement task.

DISCUSSION

In this study, we found that higher-than-usual progesterone
was associated with greater decreases in NA from baseline
among acutely abstinent premenopausal female smokers.
These findings are consistent with prior studies that have
found that during high compared to low progesterone phase
of the menstrual cycle, women are better at managing their
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Table 1 Sample Demographic and Smoking Characteristics

Full sample
(n= 80)a

Placebo
(n= 43)b

Nicotine
(n= 37)c

M (SD) or n
(%)

M (SD) or n
(%)

M (SD) or n
(%)

t or χ2 p

Demographics

Age (years) 29.89 (5.99) 29.42 (6.10) 30.43 (5.91) − 0.75 0.45

Race 2.29 0.13

% African
American/Black

36 (45.0%) 16 (37.2%) 20 (54.1%)

Education 2.60 0.27

High school or
less

26 (32.5%) 12 (27.9%) 14 (37.8%)

Some college 38 (47.5%) 24 (55.8%) 14 (37.8%)

College or
beyond

16 (20.0%) 7 (16.3%) 9 (24.3%)

Average cycle
length (days)

29.38 (1.84) 29.35 (1.91) 29.42 (1.78) − 0.18 0.86

Smoking
characteristics

FTND 4.95 (1.95) 4.60 (2.01) 5.35 (1.83) − 1.74 0.09

Screening
session CO

17.33 (6.61) 17.37 (5.98) 17.27 (7.35) 0.07 0.95

Cigarettes/day 13.90 (4.97) 13.16 (4.25) 14.76 (5.63) − 1.44 0.15

Years regular
smoker

11.06 (6.43) 10.23 (6.52) 12.03 (6.26) − 1.25 0.22

Number of
serious quit
attempts

3.85 (11.36) 3.35 (4.59) 4.43 (16.07) − 0.42 0.67

MCD experimental
session

EF 3.29 (1.43) 3.26 (1.36) 3.32 (1.53) − 0.19 0.85

LF 12.46 (2.63) 12.65 (2.84) 12.22 (2.38) 0.72 0.47

ML 20.92 (2.61) 20.58 (2.84) 21.35 (2.25) − 1.29 0.20

Hours abstinent
experimental
session

EF 17.89 (5.37) 18.27 (7.29) 17.45 (0.92) 0.68 0.51

LF 17.98 (4.36) 18.10 (4.38) 17.84 (4.39) 0.26 0.79

ML 17.52 (3.21) 18.01 (4.22) 16.96 (1.13) 1.57 0.12

Estrogen
experimental
sessions (pg/ml)

EF 2.23 (1.16) 2.44 (1.40) 1.98 (0.76) 1.86 0.07

LF 2.60 (1.36) 2.56 (1.20) 2.66 (1.53) − 0.32 0.75

ML 2.59 (1.36) 2.86 (1.50) 2.27 (1.11) 1.98 0.05

Progesterone
experimental
sessions (ng/ml)
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emotions (Milivojevic et al, 2014) and have lower NA
following overnight tobacco abstinence (DeVito et al, 2014).
The effects of progesterone on NA did not differ across
nicotine patch type or time, which is consistent with a prior
study showing that the effect of high progesterone compared
to low progesterone menstrual cycle phase did not interact
with time (baseline vs end of session) to impact NA following
intravenous nicotine administration (DeVito et al, 2014).
This study also found an interactive effect such that within-
person covariation of progesterone with lower urge was
greater in TNP than PBO, which is consistent with a
previous study finding that after smoking a high-nicotine
cigarette, cigarette craving was blunted in women with high
compared to low progesterone levels in the luteal phase
(Goletiani et al, 2015).
Similarly, we found that higher P/E ratios were associated

with greater decreases in smoking urge. Prior studies have
found that administration of progesterone compared to
placebo during the EF phase (ie, when estradiol levels are
low) reduced urge to smoke in acutely abstinent smokers
(Sofuoglu et al, 2001,2011). There was also an interaction
with patch and time such that the within-person covariation
of P/E ratios on urge to smoke over time was greater in with
TNP compared to PBO. Taken together with our findings on
within-subject progesterone levels, these results highlight

that higher progesterone may decrease smoking urge and
this effect may be enhanced with the addition of nicotine.
We also found that intra-individual variance in estradiol

was associated with lower NA. A previous study found that
women with relatively high compared to relatively low
estradiol levels experienced less distress following a stress
task (Albert et al, 2015). Thus, it is possible that higher-than-
usual estradiol may offset some affective distress occurring
due to abstinence. Additionally, the effects of estradiol on
NA differed with TNP (estradiol associated with larger
decreases in NA) and PBO (estradiol associated with smaller
decreases in NA).
We did not find intra-individual covariation of progester-

one, estradiol, or P/E ratios and smoking behavior on the
analog smoking reinstatement task. Prior studies have shown
that decreasing progesterone and estradiol levels associated
with increased smoking (Schiller et al, 2012) and decreasing
progesterone levels with greater odds of smoking during a
cessation attempt (Saladin et al, 2015). Additionally,
increasing P/E ratio was associated with increased smoking
abstinence (Saladin et al, 2015) and higher P/E ratio was
associated with smoking less (ie, fewer puffs and less weight
of cigarette smoked; Schiller et al, 2012). Given that these
prior studies utilized treatment-seeking samples (Saladin
et al, 2015; Schiller et al, 2012), it is possible the role of

Table 1 Continued

Full sample
(n= 80)a

Placebo
(n= 43)b

Nicotine
(n=37)c

M (SD) or n
(%)

M (SD) or n
(%)

M (SD) or n
(%)

t or χ2 p

EF 0.13 (0.09) 0.14 (0.11) 0.11 (0.06) 1.74 0.09

LF 0.14 (0.09) 0.16 (0.08) 0.13 (0.09) 1.42 0.16

ML 0.20 (0.12) 0.23 (0.14) 0.18 (0.10) 2.03 0.05

MNWS baseline
scores

EF 1.79 (1.24) 1.95 (1.24) 1.61 (1.24) 1.24 0.22

LF 1.49 (1.20) 1.47 (1.05) 1.52 (1.37) − 0.21 0.83

ML 1.52 (1.06) 1.55 (1.07) 1.50 (1.06) 0.21 0.83

QSU baseline
scores

EF 3.10 (1.36) 3.04 (1.24) 3.16 (1.50) − 0.41 0.68

LF 2.97 (1.45) 2.78 (1.39) 3.18 (1.51) − 1.24 0.22

ML 3.00 (1.33) 2.89 (1.38) 3.13 (1.27) − 0.80 0.42

PANAS NA
baseline scores

EF 1.39 (0.50) 1.48 (0.61) 1.29 (0.33) 1.79 0.08

LF 1.37 (0.61) 1.34 (0.44) 1.41 (0.77) − 0.46 0.64

ML 1.39 (0.58) 1.40 (0.45) 1.38 (0.71) 0.14 0.89

Abbreviations: CO, carbon monoxide; EF, early follicular; FTND, Fagerström Test for Nicotine Dependence (range: 0–10); CO, carbon monoxide; LF, late follicular;
MCD, menstrual cycle day; ML, mid luteal; MNWS, Minnesota Nicotine Withdrawal Scale; PANAS NA, Positive and Negative Affect Schedule Negative Affect; QSU,
Brief Questionnaire of Smoking Urges.
Note: Ns ranged from a77–80, b42–43, and c34–37 due to patterns of missing data.
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progesterone, estradiol, and P/E ratio on smoking behavior
depend on intention to quit smoking.
A key innovation of this research is our parsing of intra-

and inter-individual covariance in our statistical models.
Intra-individual effects are akin to addressing what occurs
following a natural spike or trough relative to one’s mean
level. The psychobiological impact of many neuropsychoac-
tive compounds is dependent on previous exposure, such
that the acceleration (or deceleration) of blood levels can
have important effects, irrespective of the absolute level.
Intra-individual variation in hormone levels may reflect a
similar phenomenon and the data report in this study may
reflect the effect of recent acceleration or deceleration of
progesterone and estradiol on tobacco withdrawal, NA, urge,
and smoking behavior. By contrast, between-person hor-
mone variation may reflect a general propensity towards
hormone levels that are higher relative to the general
population, regardless of the respective phase of the
menstrual cycle. Such variation could reflect the chronic
effect of hormone exposure on smoking behavior, effects of
smoking on hormone variation, or other individual differ-
ence factors that associate with phenotypic hormone
variance (eg, menstrual cycle length, pubertal timing).
The results of this study need to be considered in the

context of the study’s limitations. First, this study was
conducted in non-treatment-seeking daily smokers and may
not generalize to treatment-seeking samples. Secondly,
ovarian hormone levels were assessed a maximum of three
times. Thus, we are unable to determine true between-subject
mean ovarian hormone levels. More frequent assessments
may provide information in regards to how hormonal
profiles may differ between women and how these profiles
may affect smoking-related outcomes. Another limitation is
that this study only included an acute application of the
patch (ie, 4 h) with no pre-treatment. It is possible that the

interactions between ovarian hormones and TNP may differ
depending on whether nicotine levels are at a steady state. It
is also possible that smoking a cigarette, which includes both
pharmacological and sensorimotor effects, may interact with
ovarian hormones differently than what was found in this
study. Lastly, the analog smoking reinstatement task did not
assess for smoking topography. Given previous studies
showing that puff volume may differ depending on
hormonal levels (Schiller et al, 2012), differences in smoking
topography may have affected smoking behaviors (eg,
differences in puff intensity between periods of high/low
progesterone could influence the number of cigarettes one
feels the need to smoke to relieve negative withdrawal
symptoms during abstinence).
Despite these limitations, this study provides evidence that

within-subject changes in estradiol and progesterone may
interact with TNP to impact withdrawal- and smoking-
related outcomes. Phase-based studies investigating cessation
outcomes have been mixed (Weinberger et al, 2015), but
have been suggestive that TNP may moderate phase-based
effects on cessation success (Franklin and Allen, 2009). The
current results provide support that the effects of ovarian
hormones on withdrawal- and smoking-related outcomes
may vary depending on TNP. Additionally, phase-based
studies can often overlook important hormonal shifts
throughout the menstrual cycle. The results of this study
suggest that within-person changes in hormonal levels may
directly impact withdrawal- and smoking-related outcomes
independent of menstrual cycle phase. Thus, these findings
suggest that menstrual-cycle-based studies need to account
for hormonal shifts that occur in commonly used phases (eg,
estradiol levels moving from low to high in the follicular
phase).

Figure 1 Interactions of patch-type, time, and ovarian hormones. Note. (a and b) Estimated marginal means± standard error over time for interaction
effects between patch-type × time. (c) Estimated marginal means± standard error at low (1 SD below mean) and high (1 SD above mean) progesterone over
time. (d) Estimated marginal means± standard error at low (1 SD below mean) and high (1 SD above mean) estradiol. CFB, change from baseline; QSU,
questionnaire of smoking urges; NA, negative affect; Pro, progesterone; TNP, transdermal nicotine patch; PBO, transdermal placebo patch.
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Table 2 Effects of Progesterone on Smoking-Related Outcomes

MNWS QSU NA Length delayed Cigs smoked

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 1 Model 2

Fixed effects

Intercept − 0.51 − 0.51 − 0.51 − 0.47 − 0.47 − 0.50 − 0.11 − 0.11 − 0.11 25.10 25.10 0.79 0.79

Patch 0.08 0.08 0.09 0.06 0.06 0.10 0.00 0.01 0.01 14.88** 14.88** − 0.47 − 0.47

Time 0.03 0.03 0.03 − 0.02 − 0.03 − 0.02 0.00 0.00 0.00

Patch×Time − 0.04 − 0.04 − 0.04 − 0.09*** − 0.09*** − 0.09*** 0.00 0.00 0.00

Progesterone—WS − 0.67 − 0.70 − 0.81 − 0.92 − 1.92 − 2.99*** − 0.63*** − 0.02 − 0.16 − 7.11 − 6.83 0.82 1.20

Progesterone—WS×Patch − 0.34 − 0.02 0.81 3.97** − 0.67 − 0.27 − 0.65 − 0.88

Progesterone—WS×Time 0.07 0.12 0.27 0.72** − 0.14 − 0.08

Progesterone—WS×Patch× Time − 0.14 − 1.35*** − 0.17

Abbreviation: WS, within-subject.
Note: Model 1 tests the association between within-subject progesterone and outcomes controlling for patch, time, patch × time, and relevant covariates. Model 2 tests interactive effects of within-subject progesterone and
patch on smoking and withdrawal-related outcomes and within-subject progesterone and time interactions on withdrawal-related outcomes. Model 3 tests the three-way interaction of within-subject progesterone, patch, and
time on withdrawal-related outcomes. Models 1–3 included the following covariates: Black (coded 0= Black, 1=Other), years regular smoker, cigarettes per day, number past quit attempts, FTND, session phase, and
between-subject progesterone levels. Patch coded 0= 0 mg nicotine, 1= 21 mg nicotine. **po0.003, ***po0.001.

Table 3 Effects of Estradiol on Smoking-Related Outcomes

MNWS QSU NA Length delayed Cigs smoked

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 1 Model 2

Fixed effects

Intercept − 0.51 − 0.52 − 0.53 − 0.52 − 0.51 − 0.52 − 0.13 − 0.14 − 0.15 26.25** 26.25** 0.77 0.77

Patch 0.03 0.04 0.04 0.07 0.07 0.07 − 0.01 − 0.01 − 0.01 16.03*** 16.16*** − 0.49 − 0.49

Time 0.03 0.03 0.03 − 0.02 − 0.02 − 0.03 0.00 0.00 0.00

Patch×Time − 0.04 − 0.04 − 0.04 − 0.10*** − 0.09*** − 0.09*** 0.00 0.00 0.00

Estradiol—WS − 0.01 0.05 0.00 0.00 − 0.05 − 0.10 − 0.05** 0.05 0.03 0.44 − 0.62 0.03 0.10

Estradiol—WS×Patch − 0.15 − 0.04 0.12 0.23 − 0.12*** − 0.09 2.08 − 0.15

Estradiol—WS×Time 0.00 0.02 − 0.01 0.01 − 0.01 − 0.01

Estradiol—WS×Patch× Time − 0.04 − 0.04 − 0.01

Abbreviation: WS, within-subject.
Note: Model 1 tests the association between within-subject estradiol and outcomes controlling for patch, time, patch × time, and relevant covariates. Model 2 tests interactive effects of within-subject estradiol and patch on
smoking and withdrawal-related outcomes and within-subject estradiol and time interactions on withdrawal-related outcomes. Model 3 tests the three-way interaction of within-subject estradiol, patch, and time on
withdrawal-related outcomes. Models 1–3 included the following covariates: Black (coded 0= Black, 1=Other), years regular smoker, cigarettes per day, number past quit attempts, FTND, session phase, and between-
subject estradiol levels. Patch coded 0= 0 mg nicotine, 1= 21 mg nicotine. **po0.003, ***po0.001.
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