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Abstract
Objective—Although physical activity modulates the hypothalamic-ovarian-pituitary axis, the
few studies investigating whether physical activity is associated with age at natural menopause
have had mixed results. We set out to determine whether physical activity is associated with the
timing of natural menopause in a large cohort of California women, overall, and by smoking
history.

Methods—We investigated the association between long-term physical activity (hours/week/
year) and age at natural menopause among 97,945 women in the California Teachers Study.
Multivariable Cox proportional hazards regression methods were used to calculate hazard ratios
(HRs) and 95% confidence intervals (CIs). The impact of cigarette smoking (never smoker,
former-light smoker, former-heavy smoker, current-light smoker, current-heavy smoker) as an
effect modifier was evaluated.

Results—In a multivariable model adjusting for body mass index at age 18, age at menarche,
race/ethnicity, and age at first full-term pregnancy, increased physical activity was statistically
significantly associated with older age at natural menopause (ptrend=0.005). Higher body mass
index at age 18 (ptrend=0.0003) and older age at menarche (ptrend=0.0003) were also associated
with older age at natural menopause. Hispanic ethnicity (vs. non-Hispanic whites, HR 1.17, 95%
CI 1.09–1.26), current smokers (vs. never smokers, HR 1.68, 95% CI 1.60–1.75 for current-light
smokers; HR 1.38, 95% CI 1.33–1.44 for current-heavy smokers) and older age at first full-term
pregnancy (HR≥29, 2+ full-term pregnancies vs. <29, 2+ full-term pregnancies 1.10, 95% CI 1.06–1.14) were
associated with earlier age at natural menopause. Upon stratification by smoking history,
increased physical activity was statistically significantly associated with older natural menopause
among heavy smokers only (HRHighest vs. Lowest quartile 0.88, 95% CI 0.81–0.97, ptrend=0.02 for
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former-heavy smokers; HRHighest vs. Lowest quartile 0.89, 95% CI 0.80–0.99, ptrend=0.04 for current-
heavy smokers).

Conclusion—Age at natural menopause is a complex trait; the determinants of age at natural
menopause, including physical activity, may differ by smoking status.
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Introduction
Older age at natural menopause has been associated with increased postmenopausal breast
cancer risk,1–7 but lower risks for cardiovascular disease8 and osteoporosis.9 Previous
studies have established that age at natural menopause is likely determined by a combination
of genetic and environmental factors.10–12 Smoking13–20 and lower parity20–24 have been
associated with earlier onset of natural menopause, but are estimated to explain less than
10% of the variance in age at natural menopause.10

We hypothesized that physical activity would be associated with older age at natural
menopause upon consideration of evidence linking physical activity with the hypothalamic-
pituitary-ovarian axis.25–28 Few studies have addressed the possible association between
physical activity and age at natural menopause. One European study reported that low
physical activity was associated with earlier natural menopause;29 while two other studies
reported no such association.24, 30 We examined the effect of physical activity on the timing
of natural menopause, overall and by smoking history, among California Teachers Study
(CTS) participants.

Methods
Study Participants

The CTS is a prospective cohort study of 133,479 female, current or retired public school
professionals, all members of the California State Teachers Retirement System, who
enrolled in the cohort by completing a mailed questionnaire in 1995–1996 (i.e., baseline).
Detailed information on the development and follow-up of the CTS has been reported
previously.31

Measurement of menopausal status, type of menopause and age at menopause
Menopausal status and type were derived from self-reported baseline data. Respondents
reported whether menstrual periods had stopped permanently (No, Yes-within the last 6
months, Yes-more than 6 months ago). If a respondent indicated that her periods had not
stopped permanently, or she was currently pregnant, she was classified as premenopausal. If
a respondent indicated that her periods had stopped permanently within the last six months
and she was not currently pregnant, she was classified as perimenopausal. If a respondent
answered that her periods had stopped permanently, she was then asked ‘When did you have
your last period?’ (<35, 35–39, 40–43, 44–46, 47–49, 50–52, 53–55 and 56 years). She was
then also asked ‘Why did your periods stop?’ (natural menopause, surgery, medication or
chemotherapy, radiation, other). A series of questions assessed if and when the respondent
had undergone any gynecologic surgeries, and whether and when she had used any
menopausal hormone therapy (HT). Participants were categorized as postmenopausal if they
met any of the following criteria: 1) periods stopped permanently at least 6 months prior to
cohort entry, 2) had experienced a bilateral oophorectomy (referred to herein as a surgical
menopause), 3) were age 56 years or older at baseline and not already classified as
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premenopausal, postmenopausal or perimenopausal, 4) started using HT to treat menopausal
symptoms before periods stopped, or 5) had experienced a hysterectomy before age 56 years
but were 56 years or older at baseline. Exclusion of participants in ‘Group 3’ of participants
categorized as postmenopausal described above, specifically those who were 56 years or
older at baseline and not already classified as premenopausal, postmenopausal or
perimenopausal (N=283), did not materially alter the results from those shown and are thus
treated as described above for analyses described herein.

Event and censoring ages were all defined in a manner similar to that used in a previous
study of factors associated with age at natural menopause in the Hawai’i and Los Angeles
Multiethnic Cohort Study.12 A participant who indicated that she experienced a natural
menopause and, at baseline, was older than the maximum age of her selected age-at-
menopause category, was assigned the midpoint of her age-at-menopause category (33, 37,
41, 45, 48, 51, 54 or 57 years, respectively) as her event age. Alternatively, if a participant’s
age at baseline was within the category she selected for her age-at-menopause category, her
age at natural menopause was set to the midpoint between the start of the category and
baseline age. Analyses in which the event age was set to the youngest age of the appropriate
category or to the oldest age of the appropriate category, did not differ markedly from those
presented and thus the midpoints were used.

Censoring ages were calculated using coding rules in parallel to those described above for
participants with a natural menopause, in which the age at last period category was applied
for the following three censored groups: (1) perimenopausal participants (defined as last
menstrual period less than 6 months before the baseline questionnaire and not pregnant at
that time; N=2,388, 2.4%); (2) participants with a surgical menopause (defined as a bilateral
oophorectomy; N=9,577, 9.8%): and (3) participants with a menopause due to other reasons
(including medication/chemotherapy/radiation/other reason/experienced a hysterectomy
before age 56 years but were 56 years or older at baseline; N=1,789, 1.8%). Age of HT
initiation category was applied as the censoring time, again using parallel rules, for
participants who were classified as postmenopausal due to start of HT use before periods
stopped (N=4,502, 4.6%). Similarly, for premenopausal participants, the censoring age was
set to the midpoint between the start of the above age-at-menopause category and baseline
age (N=48,082, 49.1%).

Measurement of exposures
On the baseline questionnaire participants were asked to provide information on recreational
physical activity for two intensity levels, strenuous and moderate, for six time intervals
(during high school, between the ages of 18–24, 25–34, 35–44 and 45–54 years). For this
analysis, an estimate of the average annual hours per week of long-term combined strenuous
and moderate physical activity was calculated as follows.

For each intensity level and time period, participants reported the average number of hours
per week (categories: none, 0.5, 1, 1.5, 2, 3, 4–6, 7–10, and ≥11) and the average number of
months per year (categories: 1–3, 4–5, 7–9, and 10–12) that they engaged in physical
activity. For each intensity level and time period, we calculated the average hours per week
per year by multiplying hours per week (using midpoint of category where appropriate) by
months per year (using midpoint of category) and then dividing by 12 months.

In calculating the final physical activity variable, for each intensity level, only the average
hours per week of physical activity for each year through the event or censoring age was
counted. For participants with an event or censoring age after 54 years only physical activity
through age 54 was available (N=3,355, 3.4%); exclusion of this group, due to concerns that
the physical activity would not properly represent the physical activity after age 54, did not
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materially alter the results from those shown; therefore results shown include these
participants.

The average hours per week for all eligible years were then summed to calculate the average
annual hours per week of long-term recreational physical activity for each intensity level.
Average annual hours per week of long-term strenuous recreational physical activity and
average annual hours per week of long-term moderate recreational physical activity were
then summed to estimate average annual hours per week of long-term combined strenuous
and moderate recreational physical activity (h/wk/y); this total long-term physical activity
variable was categorized into quartiles (<1.61, 1.61–3.449, 3.45–6.239, ≥6.24 h/wk/y).

In addition to physical activity, we considered the following factorsfor which data were
collected at baseline: race/ethnicity [non-Hispanic white, non-Hispanic African American,
Hispanic, Asian, other (other included Native American, mixed race and other/undeclared
race/ethnicity)], smoking history [never smokers (never smokers included 2,277 participants
who started smoking at or after the age at menopause), former smokers with known total
pack-years (ever smokers who stopped smoking at least one year earlier than the age at
menopause), current smokers with known total pack-years (ever smokers who began
smoking no later than the age at menopause and who stopped smoking no sooner than the
age at menopause) and unknown; former smokers and current smokers were further
dichotomized by median total pack-years through the event or censoring age (the median
pack-years was 4.4 for former smokers and 18 for current smokers)], body mass index
(BMI) at age 18 years [(weight in kg)/(height in m)2 or kg/m2; (16.00–19.99, 20.00–24.99,
25.00–29.99, 30.00–54.99 kg/m2 or unknown; BMI at age 18 values of <16.00 and 55.00 or
greater were considered out of the normal range and assigned a missing value) (21)], age at
menarche (≤10, 11–12, 13–14, ≥15 years of age, or unknown, the 11–12 years of age
category was the reference group in all models), and a combined variable for age at first full-
term pregnancy and parity (<29 and 2+ full-term pregnancy, <29 and 1 full-term pregnancy,
≥29 and 2+ full-term pregnancy, ≥29 and 1 full-term pregnancy, ever pregnant and no full-
term pregnancy, never pregnant, or unknown).

Statistical analyses
Participants were excluded, in sequence, from this analysis if at baseline, they were 80 years
or older (N=7,059), had a prior cancer diagnosis (breast, endometrial, cervix, ovary, lung,
leukemia, Hodgkin’s disease, lymphoma, colorectal, thyroid, melanoma; N=12,135),
provided insufficient information by which to determine menopausal status or age at natural
menopause (N=15,764; includes 11,427 participants with incomplete information on
whether and/or when periods had ceased, 4,057 participants who were premenopausal at the
time they underwent hysterectomy (without bilateral oophorectomy) before age 56 and were
less than age 56 at baseline, 235 participants who began using HT before their periods
stopped and for whom type of HT use was unknown, and 45 participants who began using
HT before their periods stopped and for whom age at HT initiation was unknown), or had
never had a menstrual period (N=2), or had missing information on physical activity
(N=574). The final analytic cohort included 97,945 participants.

We used univariable and multivariable Cox proportional hazards regression methods (22) to
calculate hazard ratios (HRs) and 95% confidence intervals (CIs) for the association
between physical activity and risk of natural menopause, adjusted for potential confounding
factors. Participants effectively entered the study at birth and remained under follow-up until
they experienced natural menopause (i.e., the outcome of interest) or were censored at the
first of the following events: surgical menopause; menopause due to another reason, such as
chemotherapy or radiation, menopause due to HT initiation prior to periods stopping; or
completion of the baseline questionnaire (for women who were premenopausal at baseline).
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Models were stratified by age (1-year age intervals) at cohort entry to control for potential
cohort effects. To determine a final model we fit a series of multivariable failure-time
models in which a woman failed at natural menopause. A forward stepwise regression was
employed, in which a variable entered the model when the overall p value was less than
0.05. A backward stepwise regression approach was then used to confirm the final model,
with variables being retained when the overall p value was less than 0.05. We checked the
proportional hazards assumption for physical activity (in different categories) and the risk of
natural menopausal by visually examining Kaplan-Meier survival curves and plotting scaled
Schoenfeld residuals by time; no evidence for a violation of proportional hazards
assumption was observed.

P values for trend in ordinal variables were calculated using long-term combined strenuous
and moderate recreational physical activity and BMI at age 18 years as continuous variables,
and the midpoints of the categories shown above for age at menarche. Participants with
missing/unknown data for a variable were deleted from the appropriate model when
assessing the p for trend for that variable, but the unknown group was considered as a
separate category in models assessing the HRs by level of categorical variable. HRs less
than 1.0 indicate that risk of natural menopause in the exposed group was lower than the risk
of natural menopause in the unexposed (referent) group, and therefore can be interpreted as
indicating the exposed group was more likely than the referent group to have a natural
menopause at a later age.

We stratified the final multivariable model by baseline smoking status (never smokers,
former-light smokers, former-heavy smokers, current-light smokers and current-heavy
smokers). Heterogeneity of HR estimates in physical activity across smoking categories
(never smokers vs. ever smokers, never smokers and ever-light smokers vs. ever-heavy
smokers, and never smokers and former smokers vs. all current smokers) or other exposures
of interest were evaluated in Cox regression models. Additional analyses in which the cohort
entry was defined as the age started high school (15 years) did not differ measurably from
the results presented herein. We also assessed any effects of timing or intensity of physical
activity or age-specific physical activity on age at natural menopause; we did not find any
differences in effects from those presented.

All quoted levels of statistical significance (p values) are two-sided. A type-1 error rate of
0.05 was used as the threshold for statistical significance. Analyses were performed using
PROC PHREG in SAS, version 9.2 (SAS Institute, Inc., Cary, North Carolina). P values
were not adjusted for multiple comparisons.

Results
Table 1 presents selected baseline characteristics, overall and by long-term combined
strenuous and moderate recreational physical activity, for the 97,945 participants, which are
similar to those for the entire CTS cohort.31 The average age at baseline in the analytic
cohort was 50.2 years. Among postmenopausal participants, the median ages (ranges) of
natural menopause, surgical menopause and menopause due to another reason were 51 (33–
57) years, 45 (33–57) years, and 47 (23–57) years, respectively (data not shown). 86.2% of
participants were non-Hispanic white, 69.4% were never smokers, and 89.3% had a BMI at
age 18 years of 24.99 or less. 85% of participants had an age at menarche of either 11–12 or
13–14. 41.4% of participants had two or more full-term pregnancies and had their first full-
term pregnancy before age 29 years. 7.0%, 13.8% and 8.9% of participants had full-term
pregnancy profiles of <29 and 1 full-term pregnancy, ≥29 and 2+ full-term pregnancies, and
≥29 and 1 full-term pregnancy, respectively. 21.4% were never pregnant and 6.5% were
ever pregnant with no full-term pregnancy.
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Among all participants (Table 2), increasing long-term combined strenuous and moderate
recreational physical activity was associated with older age at natural menopause
(HRhighest vs. lowest quartile 0.95, 95% CI 0.92–0.98; ptrend=0.005), as were higher BMI at age
18 years (HR≥30.00 vs. <20.00 0.88, 95% CI 0.81–0.95; ptrend=0.0003) and older age at
menarche (HRage 15 years or later vs. ages 11–12 years 0.91, 95% CI 0.87–0.95; ptrend=0.0003).
Compared to non-Hispanic whites, Hispanics were more likely to have an earlier age at
natural menopause (HRHispanic vs. white 1.17, 95% CI 1.09–1.26). Compared to never
smokers, former-light smoking and former-heavy smoking was associated with older age at
natural menopause (HRFormer-light vs. never 0.96, 95% CI 0.92–0.99; HRFormer-heavy vs. never
0.93, 95% CI 0.90–0.96), while current-light or current-heavy smoking was associated with
earlier age at natural menopause (HRCurrent-light vs. never 1.68, 95% CI 1.60–1.75;
HRCurrent-heavy vs. never 1.38, 95% CI 1.33–1.44). Participants who had only one full-term
pregnancy with age at delivery of 29 years or older had higher risk of earlier natural
menopause than participants with first full-term pregnancy at younger ages (<29) and 2 or
more full-term pregnancies during lifetime
(HR≥29, 1 full-term pregnancy vs. <29, 2+ full-term pregnancy 1.18, 95% CI 1.13–1.24).

Stratification of the final multivariable model by baseline smoking status showed that
physical activity was associated with age at natural menopause only among ever-heavy
smokers (ptrend=0.02 for former-heavy smokers, ptrend=0.04 for current-heavy smokers;
Table 3). Compared to the corresponding lowest quartile of physical activity, the HRs for
the association between highest quartile of physical activity and age at natural menopause
was 0.88 (95% CI 0.81–0.97) among former-heavy smokers, and 0.89 (95% CI 0.80–0.99)
among current-heavy smokers. Stratification by smoking history also revealed differences in
the associations between other factors and age at natural menopause: the association
between Hispanic race/ethnicity and earlier age at natural menopause was apparent only
among never smokers (HR 1.26, 95% CI 1.16–1.37) and former-light smokers (HR 1.25,
95% CI 1.00–1.57), compared to whites. We detected a marginally significant interaction
between physical activity (continuous measure) and smoking status (never plus ever-light
smoker vs. ever-heavy smoker) (Pinteraction=0.06, data not shown). None of the other
interactions between physical activity and risk of natural menopause was statistically
significant (data not shown).

Discussion
As life expectancies increase, women will be living more years in the postmenopausal
period, a period of modified risk for many later-life health outcomes, including
postmenopausal breast cancer.1, 2, 6, 7 Age at natural menopause, according to studies
primarily performed in the developed world, has been shown to be roughly normally
distributed, with an approximate mean of 51 years and an approximate range of 40–58
years.33–37 Observational epidemiologic studies designed to identify lifestyle and
reproductive factors responsible for the variation in ages at natural menopause have been
inconsistent, with smoking13–20 and parity20–24 being perhaps the most consistently
observed to be associated with age at natural menopause. Recent studies have also suggested
that genetic factors affect age at natural menopause, although no genetic determinants have
been confirmed.10, 11

Results presented here suggest that determinants of age at natural menopause may differ by
smoking status. Among never smokers, former-light smokers and current-light smokers,
physical activity was not associated with age at natural menopause. Conversely, among both
groups of heavy smokers, former-heavy and current-heavy, increased long-term physical
activity was associated with older age at natural menopause.
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We hypothesized that increased physical activity would be associated with older age at
natural menopause upon consideration of evidence of a dose response between increasing
intensity/duration of physical activity and higher likelihood of irregular or anovulatory
menstrual cycles, shortened luteal phases and secondary amenorrhea.25–28 In light of the fact
that a woman has a fixed follicle pool and therefore possibly a fixed number of ovulatory
cycles, we hypothesized that increased physical activity might delay menopause by causing
menstrual cycles during which follicles are not recruited into the pre-ovulatory candidate
pool. This scenario could preserve follicles and/or ovulatory cycles, as might be supported
by the oocyte attrition theory of the etiology of natural menopause.38–40 Some evidence
suggests that depletion of the follicle pool may continue regardless of ovulation status [for
review see 41]; even if physical activity prevents ovulation, physical activity may not
concurrently delay follicle pool depletion. Our results elucidate a more complex association
between physical activity and age at natural menopause, in which physical activity may
counteract the effects of smoking on age at natural menopause among smokers, but have
little or no effect on age at natural menopause in the absence of smoking.

Smokers were shown to experience menopause earlier than non-smokers as early as 1949,13

an association which has been confirmed.14–20 Prior studies demonstrated that smoking is
associated with fewer retrieved oocytes,42 longer time to conception43 and lower luteal-
phase estrogen levels.44 Although smoking has a clear, deleterious effect on reproductive
outcomes the mechanism by which smoking advances age at natural menopause is not
understood, but appears to be multifaceted. Mice exposed to benzo(a)pyrene have an
increased rate of follicular depletion.45 Nicotine and cotinine appear to impair meiotic
spindle function and down-regulate aromatase activity in granulosa cells.42, 46, 47 Cigarette
smoke extract may induce oxidative stress and apoptosis.48 Oxidative stress has been shown
in turn to trigger and modulate apoptosis49 and many apoptosis inhibitors appear to have
antioxidant properties (for review see 50). Apoptosis is a likely process by which follicles
are removed from the viable pool both during gestation and upon commencement of normal
reproductive cycling.51

The oxidative stress pathway is a likely avenue by which physical activity and smoking
interact to affect age at natural menopause. Prior studies suggest that increased physical
activity positively impacts antioxidant defense,52 and extends the lifespan.53, 54 Physical
activity appears to induce mitochondrial metabolism and reactive oxygen species formation;
supplementation with reactive oxygen species-reducing antioxidants appears to inhibit the
health-promoting effects of physical activity (for review see 55). Recent research shows that
age-related declines in oxidative capacity can be largely ameliorated by regular endurance
exercise.56

To our knowledge, no study has addressed possible effect modification by smoking of the
association between physical activity and age at natural menopause. Three prior
observational studies have investigated the possible association between physical activity
and age at natural menopause; one reported results consistent with ours.29 Two other studies
found no association between physical activity and age at natural menopause.24, 30 The
study by Bromberger et al.24 included few extreme exercisers and the study by Nilsson et
al.30 included only 349 women in the final analysis. Insufficient variation in intensity and/or
duration of smoking, or the lack of consideration of smoking status in those analyses may
account for mixed results.

The CTS is an excellent resource for examining the relationship between physical activity
and timing of natural menopause. The CTS collected extensive exposure information,
including physical activity during reproductive years. This, in combination with the cohort
size, and large proportion of never smokers, allows a variety of factors to be examined and,
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when appropriate, included in statistical models as covariates. Further, although a large
proportion of CTS participants are non-Hispanic white, we had sufficient numbers of
Hispanics to clarify the association between Hispanic ethnicity and earlier age at natural
menopause reported previously;12 upon stratification by smoking this association was
apparent among never smokers and ever-light smokers, not among ever-heavy smokers.
Future work in a Hispanic population with a larger proportion of smokers is needed to
confirm this finding.

Potential limitations include possible misclassification of menopausal status. The 1995–
1996 CTS questionnaire defined menopause as no menstrual period for 6 months, however
more recently the standard criterion has become 12 consecutive months of amenorrhea.
Another limitation arises from the categorical nature of the variable for age at menopause,
which precluded generating hazard ratios per single-year increments in age at natural
menopause. Alternative methods for coding ages at outcomes/censoring ages, including
setting the event/censoring age first to the lower boundary, and second, to the upper
boundary of the age at menopause category, produced results similar to those shown.
Although the CTS is a prospective cohort, this analysis used information reported at
baseline, which imposed a particular limitation on the current analysis due to the possible
introduction of errors in recall. However the categorical nature of the data is expected to
minimize errors in recall57, 58. Although it might be argued that women with a surgical
menopause would be likely to remember the type (natural vs. surgical menopause) and
timing of their menopause more accurately than women with non-surgical menopausal
transitions, particularly those with longer transitions, any misclassification of exposures
might be expected to be non-differential with respect to menopausal status, type and timing.
The exclusion of participants 80 years or older at baseline was made to address the concern
that recall of key exposures and event/censoring ages would become more inaccurate with
increasing age. The small number of Japanese participants precluded assessment of the
effect seen in the Multiethnic Cohort Study in which Japanese race/ethnicity, vs. white race/
ethnicity, was associated with later age at natural menopause.12 Finally, it is possible that
women who participate in more physical activity during their lives, have generally healthier
lifestyles overall. Future analyses are required to further address such concerns.

Conclusions
This work supports consideration of age at natural menopause as a complex trait and
highlights the importance of smoking to future studies. In an increasingly non-smoking,
developed world, it is probable that the set of factors determining timing of natural
menopause will change.
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