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Abstract

Introduction: Evidence indicates that menstrual cycle phase plays a role in smoking withdrawal
symptoms and craving. Stress increases these symptoms. Whether the stress regulatory mecha-
nism is associated with menstrual phase and withdrawal symptoms is not well understood.
Methods: Thirty-seven female smokers and 16 female nonsmokers were asked to complete a labo-
ratory session. In each group, approximately half of the participants were tested when they were in
the follicular phase and the other half was tested in the luteal phase. The session included resting
baseline, stress, and recovery periods. Saliva samples for the measurement of cortisol and subjec-
tive measures of craving and withdrawal symptoms were collected at the end of each period.
Results: A series of repeated measures analysis of covariance found a significant smoking group
x menstrual phase x sampling time interaction in cortisol levels (p < .05). Follow-up analyses indi-
cated a reduced cortisol stress response in the luteal group relative to the follicular group in smok-
ers (p <.02).This difference was not found in nonsmokers.

Conclusions: Menstrual cycle phase is related to hormonal stress response and smoking with-
drawal symptomatology.

Implications: We show influences of the menstrual cycle phase on stress response among smok-
ers.This is demonstrated by a reduced cortisol response to stress in the luteal group relative to the
follicular group among smokers. This menstrual phase difference was not found in nonsmokers.
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Introduction

Research to elucidate sex differences in smoking behavior is im-
portant for several reasons. Women have more difficulties in quit-
ting smoking than men.'-* Women report greater withdrawal-related
negative affect and cue-related cravings for cigarettes than men.”!?
Psychosocial factors, such as perceived stress and negative affect, are
associated with cessation outcomes in women relative to men."
The menstrual cycle phase has been shown to be one potential

mechanism of this sex difference (see refs.'*'¢ for extensive reviews).

A meta-analysis of eight studies examining menstrual cycle phase
differences (follicular vs. luteal) on self-report withdrawal symptoms
found greater withdrawal scores during the luteal phase than the fol-
licular phase.' This same meta-analysis also found a trend in crav-
ing where craving scores were marginally (although it did not reach
statistical significance; p = .06) elevated in the luteal phase relative
to the follicular phase.’ Systematic reviews on studies examining
the effects of the menstrual phase on magnitude of cigarette use,
smoking topography, subjective effects, and smoking relapse have
yielded mixed results.'*'® Variations in methodology, such as the
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identification of the menstrual cycle phase (via self-report, ovarian
hormones) and questionnaires used to measure withdrawal symp-
toms, may account for differences.'*'” Inconsistent findings may
also suggest the involvement of other biological mechanisms that are
associated with smoking behavior and withdrawal symptoms and
craving.

Stress is a well-known factor for maintenance of substance use,
including smoking. Habitual smokers exhibit dysregulations in
psychobiological stress response relative to nonsmokers.!®>* The
hypothalamic-pituitary-adrenal (HPA) axis response to stress is
associated with elevated withdrawal symptoms and craving?>?+%
and cessation failure.?*>® We recently reported sex differences in the
stress response and smoking relapse?” where a reduced HPA stress
response predicted early relapse in men, while greater HPA response
was predictive of earlier relapse in women. These results suggest that
the central stress regulatory system is associated with the severity of
smoking withdrawal and risk for relapse.

Emerging evidence indicates a link exists between the menstrual
cycle phase, HPA axis regulation, and craving.**-*> One study found
that morning cortisol levels were negatively associated with night-
time craving among smokers who were tested in the luteal phase.
However, this was not found among those in the follicular phase.*
Another study using a cross-over design found that, in the follicular
phase, greater morning cortisol was associated with lower negative
affect and withdrawal symptoms. In contrast, in the luteal phase,
greater morning cortisol was related to reduced head rush and urges
to smoke.’! Also using a cross-over design, another study tested
effects of acute smoking withdrawal and menstrual cycle phase on
cortisol and withdrawal symptoms.** The results of this study found
no menstrual phase cycle difference in cortisol variation, but there
was an increase in craving during the first 24 hours of abstinence in
the follicular phase while the level decreased in the luteal phase.?
These studies indicate that the association between diurnal cortisol
variation and withdrawal symptomatology is modified by the men-
strual cycle phase. Whether the menstrual phase influences hormo-
nal responses to acute stress and withdrawal symptoms is largely
unknown.

The purpose of the current study was to test the influence of
smoking status (ad libitum smokers and nonsmokers) and men-
strual cycle phase (follicular and luteal phases) on psychobiologi-
cal responses to stress. We predicted that smokers tested during
the luteal phase would exhibit an altered stress response relative to
smokers tested during the follicular phase and nonsmokers.

Methods

Participants

Participants included in this study were part of a larger study to
investigate predictors of stress and smoking relapse.?>* Recruitment
was completed through posting flyers and advertisements in the
community. Participants interested in quitting smoking were invited
to an on-site screening where eligibility was assessed using multiple
self-report measures as described below. Participants needed to meet
the following conditions to enroll in the study: no current or previ-
ous history of medical or psychiatric conditions; no active use of
prescribed medications; body mass index between 18 and 305 social
drinker (two or fewer drinks/day). Smokers must have smoked an
average of 10 cigarettes/day for a minimum of 2 years and have a
strong motivation for quitting as defined by 4/5 on a 1-5 rating scale
of motivation to quit. Individuals who reported having irregular

menstrual cycles (days since last menstruation started > 30), hyster-
ectomies, oral contraceptive or hormonal intrauterine device usage,
or menopause were not included in the present study. Eligible par-
ticipants were scheduled for subsequent sessions where they signed
a consent form and were compensated for their time. This study was
approved by the Institutional Review Board of the University of
Minnesota. A total of 37 smokers and 16 nonsmokers were enrolled
in the current study.

Measures

At the beginning of each session, participants were asked to estimate
the number of days since their most recent menstruation started and
the regularity of their menstrual cycle. A backward counting method
was used to define groups based on menstrual phase at the time of
the session. (ie, follicular: 0-14 days; luteal: 15-30 days). Saliva sam-
ples were measured using Salivette tubes (Sarstedt, Rommelsdorf,
Germany). Participants were instructed to place cotton rolls in their
mouth until the roll became very saturated, and collected the rolls
into a plastic tube. For cortisol assays, we used a time-resolved fluo-
rescence immunoassay with a cortisol-biotin conjugate as a tracer,*
which had a sensitivity of 0.4 nmol/L as well as inter- and intra-
assay coefficients of variation lower than 10% and 12%, respec-
tively. MicroCO monitors (Micro Direct, Inc., Auburn, Maine) were
used to evaluate carbon monoxide levels. The Minnesota Nicotine
Withdrawal Scale (MNWS3*) was administered to assess severity of
withdrawal symptoms. The item “craving” was analyzed separately
because of reports indicating conceptual differences in these two
constructs.** Positive affect and distress were assessed by the Revised
Subjective States Questionnaire.”> Each item in this questionnaire
used a 7-point rating scale with endpoints anchored by “Not at all”
and “Very Strong.” Finally, demographic information, smoking his-
tory, nicotine dependence (Fagerstrom Test of Nicotine Dependence;
FTND?¢), perceived stress (the Perceived Stress Scale; PSS¥), and
mood disturbances (the Profile of Mood State Questionnaire;
POMS?*®) were also collected.

Procedure

Description regarding the protocol is detailed elsewhere.?»* During
the on-site screening, participants were asked to complete demo-
graphic, PSS, POMS, smoking history, and FTND forms after sign-
ing the consent. Participants were then scheduled for a laboratory
session, which took place approximately 2 weeks after the screening.
All the laboratory sessions were held between noon and 2 p™m to
control for diurnal changes in cortisol. Participants were instructed
to abstain from caffeine for 4 hours and both alcohol and exer-
cise for 24 hours before the laboratory session. Smokers smoked
their preferred brand of cigarette immediately before the session to
minimize nicotine withdrawal. Participants were tested individu-
ally. Upon arrival at the laboratory, the participant was greeted by
the experimenter and was asked to sit on a comfortable chair. The
participant was asked about days since last menstruation started as
well as contraceptive use. A sample of saliva (the first sample) and
expired carbon monoxide were then collected. This baseline period
(approximately 45 minutes) was followed by a 20 minutes resting
period, 20 minutes stress period (10 minutes of public speech and
10 minutes of mental arithmetic tests), and 20 minutes poststress
recovery. A modified version of the Trier Social Stress Test*** was
used to induce stress. The test has been validated* and used in stud-
ies examining psychobiological stress response among smokers?” and
stress response and smoking relapse.?¢?’ Saliva samples, as well as
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subjective measures, were collected at the end of each 20 minute
period (ie, rest, stress, and recovery). Nonsmoking individuals were
recruited and tested in parallel with the same laboratory protocol.

Data Analysis

The phase of the menstrual cycle was determined by self-reported
days since last menstruation started (ie, follicular: 0-14 days; luteal:
15-30 days). As a result, 17 smokers were tested when they were
in the follicular phase and 20 were tested during the luteal phase.
Similarly, eight nonsmokers were tested during the follicular phase
and eight were tested during the luteal phase. A chi-square test exam-
ining a link between smoking status and menstrual phase found no
difference (¥*> < 1) indicating equal distribution of menstrual phase
groups across smoking groups.

Salivary cortisol data were log transformed to meet the normality
assumption. Analysis on baseline measures (described below) found a
significant difference in years of smoking between follicular and luteal
group smokers. Thus, years of smoking was included as a covariate
in the following tests. The number “0” identified nonsmokers in these
models. A series of 2 smoking (smoker, nonsmoker) x 2 menstrual
phase (follicular, luteal) x 3 time (rest, stress, recovery) repeated meas-
ures analysis of covariance with Greenhouse-Geisser correction were
conducted to examine cortisol, positive affect, and distress. A series
of 2 menstrual phase (follicular, luteal) x 3 time (rest, stress, recovery)
repeated measures analysis of covariances controlling for years of
smoking were conducted to test craving and withdrawal symptoms.
Finally, 2 smoking (smoker, nonsmoker) x 2 phase (follicular, luteal)
analyses of variance were conducted to test demographic variables,
the first sample cortisol, PSS, and POMS. Smoking history variables
were examined using one-way analyses of variances including men-
strual phase (follicular, luteal) as a between subject factor.

Results

The mean age of the present sample was 31.7 years (standard de-
viation [SD]: = 11.7), body mass index was 24.1 (SD: = 3.5), and

Table 1. Sample Characteristics

average hours of nightly sleep over the previous week was 7.1 hours
(SD: = 1.0; Table 1). There was no group, phase, nor group x phase
effects in these demographic variables nor were there effects for PSS,
POMS, or the first sample saliva cortisol. Smokers had fewer years
of education than nonsmokers [F(1, 48) = 4.88, p = .03, > = 0.09].
On average, smokers smoked 16.7 cigarettes/day (SD: = 5.8) had an
average FTND score of 5.04 (SD: = 2.1), and carbon monoxide level
of 24.6 parts per million (SD: £15.0). These variables did not dif-
fer across menstrual phase groups. Smokers who were in the luteal
phase had longer history (in years) of cigarette use than those in the
follicular phase [F(1, 34) = 6.57,p = .02, * = 0.16].

A significant time effect in positive affect [F(2, 94) = 15.7,
p <.001,1? = 0.25] indicated decreased levels in response to stress,
and a time effect in distress [F(2, 94) = 4.90, p = .009, > = 0.09]
reflected increased levels immediately after stress (Table 2). A mar-
ginally significant menstrual phase x time interaction in distress
[F(2, 94) = 2.83, p = .06, > = 0.06] suggested a trend toward
greater increase in response to stress in the luteal group than the
follicular group. Self-reported craving [F(2, 66) = 3.69, p = .03,
1? = 0.10] and withdrawal symptoms [F(2, 66) = 3.82, p = .03,
1n? = 0.10] increased in response to stress as indicated by main
effects of time.

For salivary cortisol, there was a significant main effect of time
[F(2,92) = 6.85,p =.002,? = 0.13]. This was qualified by a group
x time interaction [F(2, 92) = 3.12, p = .049, * = 0.06] indicating
a flattened stress response pattern in smokers relative to nonsmok-
ers. In addition, a significant smoking x menstrual phase x time
interaction in cortisol was found [F(2,92) = 3.88,p = .02, 11> = 0.08;
Figure 1]. As a follow-up, a change score analysis was conducted
(the value during stress period was subtracted from the value dur-
ing the resting baseline). A 2 group x 2 phase analysis of covari-
ance found a significant group x phase interaction [F(1, 46) = 5.92,
p =.02,? = 0.11], indicating lower cortisol response in the luteal
group than in the follicular group among smokers (p = .03). In con-
trast, this phase difference was not observed among nonsmokers
(p = .19; Figure 2).

Nonsmokers (17 = 16) Smokers (7 = 37)
Follicular (1 = 8) Luteal (7 = 8) Follicular (n = 17) Luteal (n = 20)
Age (years) 28.9 (4.1) 34.8 (4.1) 28.4(2.8) 34.5 (2.6)
Body mass index 24.4 (1.3) 23.2 (1.3) 23.4(0.9) 24.9 (0.8)
Education (years)®* 15.9 (0.9) 15.9 (0.9) 13.9 (0.7) 14.4 (0.6)
Sleep (average hours) 7.3 (0.3) 6.8 (0.3) 7.3 (0.2) 7.0 (0.2)
Cortisol first sample (nmol/L)® 1.9 (0.2) 1.6 (0.2) 2.1(0.2) 2.0 (0.1)
Mood disturbance® 12.9 (11.0) 17.3 (11.0) 30.5 (7.5) 27.6 (7.0)
Perceived stress? 18.1 (2.0) 17.4 (2.0) 20.6 (1.4) 19.9 (1.3)
Cigarettes (per day) n/a n/a 15.6 (1.5) 17.6 (1.3)
Duration (years)™* n/a n/a 5.0(1.9) 11.7 (1.7)
Nicotine dependence® n/a n/a 5.0 (0.5) 5.1(0.5)
Cotinine (ng/mL) n/a n/a 171.2 (47.6) 169.4 (43.2)
CO (ppm) n/a n/a 22.2 (3.7) 26.8 (3.5)

Entries show mean and standard deviation of the mean. CO, carbon monoxide.
“There was a significant main effect of smoking group.

"Log transformation was applied to cortisol levels.

“This was assessed by the Profile Of Mood State Questionnaire.

9This was assessed by the Perceived Stress Scale.

“This was assessed by the Fagerstrom Test of Nicotine Dependence.

*p < .0S.
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Table 2. Self-report Positive Affect, Distress, Craving for Cigarettes, and Withdrawal Symptoms

Nonsmokers (1 = 16) Smokers (1 = 37)
Follicular (1 = 8) Luteal (7 = 8) Follicular (n = 17) Luteal (n = 20)

Positive affect*

Rest 21.8 (3.0) 16.2 (3.0) 15.3 (2.0) 15.8 (2.0)

Stress 15.6 (2.8) 10.5 (2.8) 10.4 (1.8) 10.7 (1.9)

Recovery 19.7 (3.0) 15.3 (3.0) 15.5 (2.0) 16.4 (2.0)
Distress®

Rest 2.8 (1.9) 5.2(1.9) 5.6 (1.2) 4.6 (1.3)

Stress 3.0(2.2) 8.8 (2.2) 6.7 (1.5) 7.6 (1.5)

Recovery 3.4(2.0) 4.3 (2.0) 5.1(1.3) 4.5 (1.4)
Craving®

Rest n/a n/a 2.5(0.4) 2.1(0.3)

Stress n/a n/a 3.8 (0.6) 3.3(0.5)

Recovery n/a n/a 2.3 (0.6) 3.0 (0.5)
Withdrawal symptoms®

Rest n/a n/a 7.5(1.9) 5.0(1.7)

Stress n/a n/a 10.9 (2.0) 10.5 (1.8)

Recovery n/a n/a 7.6 (1.7) 5.7 (1.5)

Entries show mean and standard deviation of the mean adjusting for years of smoking.

aMain effect of time was significant.
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Figure 1. Changes in salivary cortisol in response to acute stress. Entries indicate mean and bars indicate standard error of the mean.

Discussion

The current study demonstrated, for the first time, that salivary cor-
tisol responses to acute laboratory stress were reduced in smokers
who were tested in the luteal phase. Increases in distress levels in
response to stress tended to be greater during the luteal phase than
the follicular phase regardless of the smoking status. Craving and
withdrawal symptoms increased in response to stress among smok-
ers. The current findings are consistent with our hypothesis that the
menstrual cycle moderates the link between HPA stress response,
craving, and withdrawal symptoms.

The current findings have several implications. The smoking
group x time interaction indicative of attenuated cortisol stress re-
sponse in smokers relative to nonsmokers is consistent with previous
research.!2° The current results further expand this observation by
showing that the reduced stress response was pronounced in smokers

who were in their luteal phase. Recent evidence indicates that smok-
ing behavior is expected to decrease in the luteal phase. This theory
was formulated based on animal studies directly linking estrogen to
the rewarding properties of drugs,* preclinical studies demonstrat-
ing protective effects of progesterone on nicotine addiction,* and
cross-sectional evidence of high progesterone levels during the luteal
phase.'® Our results were not in agreement with this view but they
are consistent with studies showing associations between blunted
HPA stress response, elevated craving, and early smoking relapse.?®
It is possible that the use of self-report in identifying the menstrual
phase influenced our results. It is also plausible that acute stress (or
production of stress hormones) influenced the effects of ovarian hor-
mones on subjective craving. Elucidating the role of stress on ovarian
hormones should improve our understanding of psychobiological
mechanisms of stress and smoking (smoking behavior, withdrawal
symptomatology, and smoking abstinence) among females.
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Figure 2. Smoking group and menstrual phase differences in stress response. Entries indicate mean and bars indicate standard error of the mean.

This study does have a few limitations. The sample size was
small and the use of cross-sectional design is limiting. A counterbal-
anced design in which the menstrual cycle phase of the first session
is randomized and the same individual is tested during each phase of
menstrual cycle may improve results. The use of dichotomous clas-
sification of menstrual phase cycle (0-14 vs. 15-30 days) based on
self-report may also have limited our results because not all women
fall neatly into this classification due to variability in the month-to-
month timing of ovulation. This is especially important as the late
luteal phase is hormonally different from the early luteal phase and
minor errors in recall may affect this estimate.'® Some studies have
tested women by further separating early from late follicular and
luteal phases.* Also, the use of hormonal verification may be use-
tul in clarifying the role of menstrual cycle on stress. Finally, future
research should examine individuals with a history of premenstrual
dysphoric disorder as well as those who have had menopause or hys-
terectomy to examine whether these conditions are associated with
stress and craving. The strength of this study was that it measured
both subjective and objective measures, used careful methodology
to induce stress, and included nonsmoking individuals to assess the
role of cortisol stress response in the link among smoking, menstrual
phase, and stress.

In conclusion, this study found that habitual smoking during
the luteal phase was associated with attenuated cortisol responses
to stress, suggesting the important role of menstrual cycle phase in
psychobiological stress response as well as in craving and in with-
drawal symptoms.
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