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Abstract

We aimed to evaluate the relationship between cumulative endogenous estrogen exposure
and fracture risk in 150,682 postmenopausal women (aged 50 to 79 years at baseline) who
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participated in the Women’s Health Initiative. We hypothesized that characteristics indicating
lower cumulative endogenous estrogen exposure would be associated with increased fracture
risk. We determined ages at menarche and menopause as well as history of irregular menses
from baseline questionnaires and calculated years of endogenous estrogen exposure from ages

at menarche and menopause. Incident clinical fractures were self-reported over an average 16.7
years of follow-up. We used multivariable proportional hazards models to assess the associations
between the estrogen-related variables and incidence of any clinical fracture. In fully adjusted
models, those with the fewest years of endogenous estrogen exposure (<30) had an 11% higher
risk of developing central body fractures and a 9% higher risk of lower extremity fractures than
women with 36 to 40 years of endogenous estrogen exposure (the reference category). In contrast,
women with the most years of endogenous estrogen exposure (more than 45 years) had a 9%
lower risk of lower extremity fractures than the reference category. Women with irregular (not
monthly) menstrual cycles were 7% to 8% more likely to experience lower extremity fractures
than women with regular monthly cycles. Our findings support the hypothesis that characteristics
signifying lower cumulative endogenous estrogen exposure are associated with higher fracture
risk.
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Introduction

The female reproductive system regulates bone acquisition and loss throughout the life
span. Estrogen secretion from puberty through young adulthood is the dominant factor
responsible for increased bone density, which peaks between 25 and 35 years of age.
Continued estrogen secretion then helps to maintain peak bone density until menopause,
when decreased gonadal sex steroid production leads to rapid bone loss.(2)

Estrogen-related factors, including ages at first and final menstrual period and history of
long or irregular menstrual cycles, can serve as proxies for endogenous estrogen exposure,
and therefore can serve as potential risk factors for clinical fracture. However, associations
between these reproductive characteristics and fracture risk have been mixed in previous
studies, >~ most of which had small sample sizes and lacked longitudinal ascertainment

of fractures. The Women’s Health Initiative (WHI) provides prospectively ascertained
fracture data on a large sample, with robust description of participants’ years of endogenous
estrogen exposure over a long period. Accordingly, the WHI provides an ideal opportunity
to evaluate the association between reproductive characteristics and fracture risk. Here we
test the hypothesis that those with reproductive characteristics consistent with lower lifelong
endogenous estrogen exposure (ie, shorter period between menarche and menopause and
history of irregular menses) have an increased risk of fractures.
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Materials and Methods

Study population

The multicenter WHI consists of several randomized trials and an observational study cohort
designed to evaluate how postmenopausal hormone therapy, diet modification, and calcium
and vitamin D supplementation impacted risk of heart disease, fractures, and breast and
colorectal cancer in older women.(®) Postmenopausal women aged 50 to 79 years of age
were recruited at 40 clinical sites between September 1, 1993, and December 31, 1998.(7)
The WHI enrolled 68,132 women in at least one clinical trial (CT) and 93,676 women in
the observational study (OS) for a total of 161,808 participants. In 2005, 93,567 women
reconsented to ongoing follow-up in the WHI Extension Study 1, which was designed

to continue to examine risk factors that contribute to cardiovascular disease, cancer, and
osteoporosis. Institutional review board approval was obtained at all clinical centers, and all
participants provided written informed consent.

For the current analyses, data from all CT and OS participants were included in the primary
analyses if they provided at least one follow-up assessment of any clinical fracture (the

primary outcome) and the designated estrogen-related variables (ie, menstrual history) (7=
150,682, Fig. 1). We followed women for incidence of clinical fracture until March 1, 2019.

Data collection

WHI data collection procedures have been published in detail elsewhere.®) Briefly,
participants completed baseline questionnaires that sought demographic information,
including self-identified race and ethnicity; medical and family history information; and
information on lifestyle characteristics, including physical activity and dietary intake.
Trained clinic staff measured height, weight, and waist circumference at baseline following
standardized protocols; height and weight were used to calculate body mass index (BMI, wt/
ht2). Baseline questionnaires also asked participants to report whether they had experienced
a previous fracture and if so, to what part(s) of the body. We collapsed responses into a
binary (yes/no) variable indicating whether participants reported any history of fractures.
Participants were also asked to bring all medications, both prescription and over-the-
counter, that they were taking regularly to their baseline visit. Interviewers entered each
medication name and strength from its packaging into the Medi-Span software program
(First DataBank, Inc., San Bruno, CA, USA), which assigned drug codes.

Exposure variables

Estrogen-related variables were collected by self-report at baseline. Participants reported age
at menarche ( “how old were you when you had your first menstrual period [menses]?”),

age at final menstrual period ( “how old were you when you last had regular menstrual
bleeding [a period]?"), previous history of irregular periods ( “during most of your life, were
your periods regular; that is, did they occur about once a month? [Do not include any

time when you were pregnant or taking birth control pills]”), history of hysterectomy and
oophorectomy, and number of pregnancies.

J Bone Miner Res. Author manuscript; available in PMC 2023 July 01.
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Age at menopause was defined as age at final menstrual period, bilateral oophorectomy, or
initiation of menopausal hormone therapy. If a woman had a hysterectomy without bilateral
oophorectomy, her age at menopause was defined as age at initiation of hormone therapy

or experience of vasomotor symptoms (hot flashes, night sweats). For those who had a
hysterectomy without bilateral oophorectomy at 50 years of age or older but did not initiate
hormone therapy or have menopausal symptoms, age at menopause was defined as the age
when the hysterectomy was performed. If age at menopause was calculated to be 60 years or
older, it was recoded as 60 years.(®

The primary exposure for this study was cumulative years of endogenous estrogen exposure
(age at menopause minus age at menarche), categorized into five groups (<30, 30-35,
36-40, 41-45, >45 years). These categories are consistent with previous WHI work on

the association between reproductive characteristics and health outcomes,®) and are based
on the expected average time between menarche and menopause for WHI participants (38
years, given expected average age of menarche [13 years] and expected average age of
menopause [51 years]). We considered dividing the data into equal quartiles or quintiles but
did not in order to ensure the categories would be clinically translatable. We also wanted to
examine the “extremes” of endogenous estrogen exposure (<30 and >45 years). Prior work
on this topic has used similar categories.(19)

Secondary exposures included regularity of periods (not regular, sometimes regular, regular/
monthly), menarchal age (<12, 12, 13, 14, 215 years),(11.12) and age at menopause onset
(<45, 45-55, and >55 years).(11.13)

The outcome of interest was incidence of fracture reported by March 1, 2019. Participants
reported fracture events each year for those in the observational study and every 6 months
for the trial participants. Specifically, participants were asked, “Has a doctor told you for
the first time that you have a new broken, crushed, or fractured bone? Which bone did

you break?” Responses included: hip, upper leg (not hip), pelvis, knee (patella), lower leg
or ankle, foot (not toe), tailbone, spine or back (vertebra), lower arm or wrist, hand (not
finger), elbow, and upper arm or shoulder. Responses were grouped into the following
mutually exclusive categories: upper limb (elbow, hand except fingers, lower arm/wrist,
upper arm/humerus or shoulder), lower limb (foot except toes, knee/patella, upper leg except
hip, lower leg/ankle), and central body (hip, pelvis, and spine). During the main WHI study
period, women in the clinical trials and a subset of women in the observational study had all
fractures adjudicated. Only hip fractures continued to be centrally adjudicated through the
end of the WHI Extension Study 1 (2010). After that, a subset continued to be adjudicated
while the remaining cohort fractures were self-reported.

Covariates included baseline information on BMI, self-identified race and ethnicity,
smoking, alcohol intake, education, marital status, bilateral oophorectomy, hormone therapy
use (pills or patches), oral contraceptive use (data are skewed to higher use in younger
women given that oral contraceptives were not available during the period of endogenous

J Bone Miner Res. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LeBlanc et al.

Page 5

estrogen exposure for women over age 60 years at WHI baseline visit), number of term
pregnancies, months breastfeeding,(14) total physical activity (MET h/week), fracture history
before WHI study enrollment, number of falls in the previous 12 months, scores on the
RAND-36 physical functioning subscale,1® calcium and vitamin D intake (dietary and
supplement use), and oral glucocorticoid use. We also controlled for comorbidities at
baseline that might impact both reproductive factors and fracture risk, including treated
diabetes, multiple sclerosis, Parkinson’s disease, heart disease (coronary heart disease or
heart failure), chronic obstructive lung disease, inflammatory bowel disease (Crohn’s disease
and ulcerative colitis), and rheumatoid arthritis.(10.16-21) Only 29 of women were taking
bisphosphonates, so we did not control for bisphosphonate use in our analysis.

Statistical analysis

Results

Means and standard deviations or frequency distributions for baseline variables were
calculated for each estrogen exposure category.

Cox proportional hazards models were used to estimate associations between number of
years of endogenous estrogen exposure (<30, 30-35, 36-40, 41-45, >45) and fracture
incidence by body region of clinical fracture (upper extremity, lower extremity, central); we
also separately examined hip fractures (also considered in central fractures). The baseline
hazard in all models was stratified by study assignment (observational study/clinical trial,
hormone therapy arm, diet modification arm, calcium and vitamin D arm) and 5-year age
groups. Events were recorded as the years from enrollment to first fracture of each type;
participants’ follow-up was defined as time to first event, time of last follow-up, or death.

Multivariable models were fit to obtain effects adjusted for the baseline covariates listed
above (see “Covariates”). We separately conducted secondary analyses to assess the
associations between risk of fracture and age of menarche, age at menopause, and cycle
regularity. We used exposure x time to assess proportional hazards assumption; no violations
were found. All statistical tests were conducted at alpha = 0.05.

We evaluated three effect modifiers, specified a priori, that had the potential to modify the
association between years of endogenous estrogen exposure and fracture risk: self-identified
race (Asian, Black, and White; other races had too few participants to include in analyses);
baseline hormone therapy use (ever versus never); and bilateral oophorectomy (yes versus
no). We added a multiplicative interaction term between each potential effect modifier

and the exposure of interest to the fully adjusted models. We did not adjust for multiple
comparisons, as these analyses were exploratory in nature.

All analyses were performed with SAS software (version 9.4, SAS Institute, Inc., Cary, NC,
USA).

Description of cohort

The CT and OS cohorts had a combined 161,808 subjects; 11,126 were excluded from this
analysis because of missing outcome or exposure data, resulting in an analytic cohort of
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150,682 participants for the primary analysis (Fig. 1), with median follow-up of 16.7 years
(interquartile range 9 to 21 years).

Baseline characteristics

Table 1 shows baseline characteristics by categorized years of endogenous estrogen
exposure. Women with both the most and fewest years of endogenous estrogen exposure
had higher mean BMIs than women in the mid-range group. Those with the fewest years
of endogenous estrogen exposure were more likely to have ever used hormone therapy or
oral contraceptives and to have had a bilateral oophorectomy. Women with more years of
endogenous estrogen exposure were more likely than those with shorter exposures to have
had one or more term pregnancies, five or more term pregnancies, or to have breastfed
for more than 12 months. As expected, women with more years of endogenous estrogen
exposure were more likely than those with less exposure to have had an early menarche
and a late menopause, and women with more endogenous estrogen exposure had been in
menopause for a shorter time before enrollment in the study.

Those with the fewest years of endogenous estrogen exposure had more irregular cycles, and
those with the most years of endogenous estrogen exposure were older than those with fewer
years of exposure at the baseline visit and less likely to self-identify as Black. Those with
the most years of endogenous estrogen exposure had higher education levels on average and
were also less likely to be current smokers and have experienced a fracture before age 55
years than those with less exposure.

Years of endogenous estrogen exposure and fracture incidence

Our analysis found statistically significant associations between years of endogenous
estrogen exposure and total fractures (o < 0.001) (Fig. 2). Women with the fewest years

of endogenous estrogen exposure (<30 years) had an 8% to 9% higher risk of experiencing
a central body fracture or lower extremity fracture relative to women whose years of
endogenous estrogen exposure were in the middle quintile (36 to 40 years). In contrast,
women with the most years of endogenous estrogen exposure (more than 45 years) had a
9% lower risk of lower extremity fracture compared with those whose years of endogenous
estrogen exposure were in the middle (36 to 40 years). We did not note an association
with upper extremity fractures. When we examined hip fractures separately (Supplemental
Fig. SS1), the risk estimates were similar to those for central body fractures, although the
associations were no longer statistically significant.

Age at menopause and fracture incidence

Earlier age at onset of menopause was associated with higher risk of total fractures (o

< 0.001; Fig. 3). Women who experienced menopause before 45 years of age had a 4%

to 8% higher likelihood of experiencing central body, lower extremity, or upper extremity
fracture compared with those experiencing menopause between the ages of 46 and 55. When
we examined the association between age of menopause and hip fractures separately, risk
estimates were similar to those for central body fractures, although they were no longer
statistically significant (Supplemental Fig. SS1).

J Bone Miner Res. Author manuscript; available in PMC 2023 July 01.
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Age at menarche and fracture incidence

When we examined menarchal age, we found a statistically significant association between
older age at menarche and total fractures (o < 0.001; Fig. 4). Women who had their first
period at 15 years of age or older had a 10% increased risk of lower extremity fracture
compared with those whose first period was at 12 years of age. However, there was

no significant association between age of menarche and central body or upper extremity
fractures.

Cycle regularity and fracture incidence

We found that greater cycle irregularity was significantly associated with a higher risk

of total fractures (p < 0.001; Fig. 5); women with regular cycles had the lowest risk of
fractures. Women with sometimes regular or not regular cycles had a 6% to 7% increased
risk of lower extremity fracture compared with women who had regular cycles; there was no
association with central body or upper extremity fractures.

Interactions with race, hormone therapy use, and bilateral oophorectomy

We also examined whether associations differed by self-identified race (Asian, Black, and
White). There were no statistical differences in the association between years of endogenous
estrogen exposure, age of menopause, age of menarche, and fracture risk among women
who self-reported being Asian, Black, or White. Associations also did not differ consistently
according to hormone therapy use (ever versus never) or history of bilateral oophorectomy
(Supplemental Table SS1).

Discussion

Relative to women whose years of endogenous estrogen exposure were in the mid-range (36
to 40 years), women with the fewest years of endogenous estrogen exposure (<30 years)
had an increased risk of developing fractures, specifically central body and lower extremity
fractures. Those with the most exposure (more than 45 years) had a decreased risk of

lower extremity fracture. When we examined components of endogenous estrogen exposure
separately, younger age at menopause was associated with a significantly increased risk of
both central body and lower extremity fracture risk. Older age at menarche was associated
with an increased risk of lower extremity fracture. When hip fractures were examined
separately, the risk estimates were similar to those for central body fractures but were no
longer statistically significant, likely due to decreased statistical power.

The association between fracture risk and reproductive characteristics has been
understudied. If future studies confirm our findings, women might benefit from counseling
regarding a potential influence of reproductive factors on fracture risk. The findings might
also help to inform future development of strategies to ensure such women receive the
indicated osteoporosis screening in a timely fashion and to identify at-risk women for
counseling about dietary, physical activity, and other measures to reduce fracture risk.(22:23)

These results confirm our hypothesis that a longer duration of exposure to endogenous
estrogen is associated with lower fracture risk. Our hypothesis was based on evidence that

J Bone Miner Res. Author manuscript; available in PMC 2023 July 01.
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estrogen has a positive impact on bone structural integrity. A later menarche may result in
less estrogen exposure during adolescent bone development, (2425 and an earlier menopause
results in an earlier decline in bone density.(26) Results of previous cohort studies examining
these associations have been mixed, possibly due to the modest associations not being
detected by smaller studies (due to inadequate statistical power) as well as inaccuracy in
recall of age of menopause and menarche. In our data, higher ages of menarche (15 and
older) were significantly associated with fracture risk, possibly because menarche at an older
age was more accurately recalled.

Women with irregular cycles were more likely to experience lower extremity fracture
compared with women with regular cycles. This is consistent with our hypothesis because
women with irregular cycles spend a larger amount of time in the early part of the follicular
phase, during which endogenous estrogen levels are relatively low.(2?)

Strengths of our study include the large number of participants (>150,000), the large number
of racial and ethnic minorities, the long duration of longitudinal follow-up, and availability
of detailed data about osteoporotic risk factors. However, there were also limitations.
Fracture incidence by self-report is not as accurate as incidence based on medical records.

In the Women’s Health Initiative, itself-report validity is higher for hip fractures (78%) and
forearm/wrist fractures (81%) than for clinical spine fractures (51%).(28) Recall of ages of
menopause and menarche may also be inaccurate, although categorizing into categories may
improve validity.(2%-32) Also, WHI participants, like other studies that rely on volunteers,
tend to be healthier than the general population, so the associations between years of
endogenous estrogen exposure and subsequent fracture may be stronger than reported here.
Finally, although we adjusted for multiple potential covariates, there may be other lifestyle-
related factors we did not include that are related to fracture risk.

Although the associations are modest, given the high incidence of fractures among the aging
population of US women, our results have both public health and clinical implications by
advancing knowledge about individual risk factors. Future studies should investigate the
utility of including timing of menopause and menarche and menstrual regularity into routine
osteoporotic risk-screening tools and clinical counseling. Including such factors into risk
screening could improve strategies for primary prevention of fractures in women.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Consort diagram.
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>45
Lower extremity fracture
Years of endogenous
estrogen exposure
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30-35

36-40

41-45

>45
Upper extremity fracture
Years of endogenous
estrogen exposure
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30-35

36-40

41-45
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Fig. 2.

N (%)

9,499 (3.1)
14,522 (3.0)
21,143 (2.9)
9,683 (3.0)
2,252 (3.2)

2,910 (0.79)
4,524 (0.78)
6,290 (0.72)
2,996 (0.77)
824 (1.00)

3,539 (0.99)
5,416 (0.97)
7,826 (0.93)
3,495 (0.93)
721 (0.88)

3,360 (0.93)
5,312 (0.94)
7,991 (0.95)
3,720 (0.99)
853 (1.1)

HR (95% Cl)

1.08 (1.05-1.11)
1.03 (1.01-1.05)
Reference

1.00 (0.97-1.02)
0.97 (0.92-1.01)

1.09 (1.04-1.15)
1.05 (1.01-1.09)
Reference

0.98 (0.94-1.03)
0.97 (0.89-1.05)

1.08 (1.04-1.13)
1.04 (1.00-1.07)
Reference

0.99 (0.95-1.03)
0.91 (0.84-0.99)

1.03 (0.99-1.08)
1.00 (0.97-1.04)
Reference

1.00 (0.96-1.04)
0.99 (0.91-1.06)
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Risk of fracture according to years of endogenous estrogen exposure.
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Total fracture

Age at menopause

<45
45-55
>55

Central body fracture
Age at menopause

<45
45-55
>55

Lower extremity fracture
Age at menopause

<45
45-55
>55

Upper extremity fracture

Age at menopause

<45
45-55
>55

Fig. 3.

N (%)

12,804 (3.1)
39,544 (2.9)
4,751 (3.2)

3,930 (0.79)
11,947 (0.74)
1,667 (0.93)

4,782 (1.00)
14,616 (0.94)
1,599 (0.91)

4,581 (0.95)
14,863 (0.95)
1,792 (1.0)

HR (95% CI)

1.08 (1.05-1.10)
Reference
0.98 (0.95-1.01)

1.08 (1.04-1.13)
Reference
0.98 (0.93-1.04)

1.08 (1.04-1.12)
Reference
0.95 (0.90-1.01)

1.04 (1.01-1.08)
Reference
0.98 (0.93-1.04)

Risk of fracture according to age at menopause.
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13
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Upper extremity fracture
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N (%)

12,424 (2.9)
15,039 (3.0)
16,605 (3.0)
7,495 (3.0)
5,536 (3.1)

3,628 (0.71)
4,641 (0.77)
5,128 (0.77)
2,397 (0.80)
1,750 (0.83)

4,532 (0.92)
5,451 (0.94)
6,160 (0.95)
2,802 (0.97)
2,052 (1.0)

4,639 (0.94)
5,593 (0.96)
6,164 (0.95)
2,823 (0.97)
2,017 (0.98)

HR (95% CI)

1.01 (0.98-1.03)
Reference

0.98 (0.96-1.01)
0.99 (0.96-1.01)
1.05 (1.01-1.08)

1.02 (0.98-1.07)
Reference

0.97 (0.93-1.01)
0.97 (0.92-1.02)
1.01 (0.95-1.07)

0.98 (0.94-1.02)
Reference

1.02 (0.98-1.06)
1.05 (1.00-1.10)
1.10 (1.04-1.16)

1.01 (0.97-1.05)
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0.98 (0.94-1.02)
1.00 (0.95-1.05)
1.02 (0.96-1.07)

Risk of fracture according to age at menarche.
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N (%)
Total fracture
Cycle regularity
No 4,575 (3.2)
Yes 46,669 (2.9)
Sometimes regular 5,855 (3.2)
Central body fracture
Cycle regularity
No 1,392 (0.79)
Yes 14,430 (0.76)
Sometimes regular 1,722 (0.77)
Lower extremity fracture
Cycle regularity
No 1,768 (1.0)
Yes 17,030 (0.93)
Sometimes regular 2,199 (1.0)
Upper extremity fracture
Cycle regularity
No 1,652 (0.97)
Yes 17,421 (0.95)
Sometimes regular 2,163 (1.00)

Fig. 5.

HR (95% ClI)

1.04 (1.00-1.07)
Reference
1.05 (1.03-1.08)

1.02 (0.96-1.08)
Reference
0.99 (0.94-1.04)

1.07 (1.02-1.13)
Reference
1.06 (1.01-1.11)

1.00 (0.95-1.05)
Reference
1.03 (0.99-1.08)

Risk of fracture according to cycle regularity.
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