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Background. To evaluate the longitudinal associations between menopausal status, related hormonal changes, and
level of self-reported physical functioning.

Methods. Study included 2,495 women (age: 45-57 between 2000 and 2001) from the Study of Women’s Health
Across the Nation. Physical functioning scale of the Medical Outcomes Study Short-Form (SF-36; score 0-100) was
categorized as: no limitation (86—100), moderate limitation (51-85), and substantial limitation (0-50). Study variables
were collected between 2000 (visit-04) and 2011 (visit-12) at five timepoints. Statistical models were adjusted for age
at visit-04, time since visit-04, ethnicity, site, economic status, level and change in body mass index, level and change in
physical activity, and presence of comorbid conditions.

Results. In final models, natural and surgical postmenopausal women had significantly higher odds of functional
limitation, compared with premenopausal women. Less reduction in estradiol and testosterone since visit-04 were signifi-
cantly associated with lower odds of functional limitation, while greater increase in sex hormone-binding globulin was
associated with higher odds of functional limitation.

Conclusions. Our findings suggest the menopause-related changes in endogenous sex hormones as a possible mecha-
nism of action to explain the greater limitation in physical functioning reported in women at midlife.
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UNCTIONAL limitations, defined as the degree of dif-

ficulty in performing daily living activities (1), have
been used as a surrogate marker of the overall impact of
disease and environment (2). Self-reported functional
limitations have been observed more frequently in women
compared with men (3-5), even at relatively young ages of
40-55 years (6). This period of women’s lives coincides
with the menopausal transition; a time when women are
subjected to several physiological, physical, and psycholog-
ical changes. The physiological changes accompanying the
menopausal transition, including changes in endogenous sex
hormone levels, may predispose women to the development
of functional limitations. Earlier research from the Study of
Women’s Health Across the Nation (SWAN) documented
self-reported functional limitations among 20% of women

aged 40-55 (7). Interestingly, postmenopausal women have
been found to report greater functional limitations (both
self-reported and objectively assessed) than premenopausal
women (8-10). Additionally, women with surgical meno-
pause (8,11) and earlier age at menopause (11) reported
worse physical functioning. These findings were limited by
the cross-sectional design (8,10,11) and/or the inability to
adjust for over-time change in factors that may vary dur-
ing the menopausal transition such as changes in body mass
index (BMI) and level of physical activity (8—11).

Whether or not the changes in endogenous sex hormones
that accompany the menopausal transition contribute to the
increase in functional limitations has yet to be evaluated. The
aim of the current study was to assess the longitudinal rela-
tionships between endogenous sex hormones, menopausal
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status, and self-reported functional limitations in women
transitioning through the menopause while controlling for
factors known to change over the menopausal transition that
could potentially impact physical functioning.

METHODS

Study Participants

SWAN is an ongoing, longitudinal, multiethnic study
of the menopausal transition. The study design has been
previously reported (12). In brief, 3,302 participants aged
42-52 years (1996-1997), were recruited from seven des-
ignated sites (Boston, MA; Detroit, MI; Oakland, CA; Los
Angeles, CA; Pittsburgh, PA; Chicago, IL; and Newark,
NJ). The eligibility criteria for the SWAN study were (i)
an intact uterus and at least one ovary, (ii) at least one men-
strual period within the past 3 months, (iii) no hormone
therapy use within the past 3 months, (iv) self-identified
race as African American, Caucasian, Chinese, Hispanic, or
Japanese.

Of the 3,302 women enrolled in SWAN, 2,868 women
were available to complete the physical functioning sub-
scale of the Medical Outcomes Study SF-36 as part of the
following SWAN follow-up visits: 04, 06, 08, 10, or 12
(in 2011). Due to administrative issues at the New Jersey
site (the only site that recruited Hispanic participants),
data collection was halted during visit-06 through visit-
10. Therefore, data from this site was excluded (n = 284).
Women (n = 89) were also excluded due to missing data for
physical functioning, menopausal status, and sex hormones
at all visits. This resulted in a final sample of 2,495 women
for longitudinal analysis (n = 10,651 observations).

For the sex hormones analysis, observations at which
women were using hormone therapy, missing data on hor-
mone therapy use, or missing data on sex hormones (179
women use/missing hormone therapy or sex hormones at
all timepoints) were dropped, resulting in a sample of 2,316
women (n = 8,995 observations) for longitudinal sex hor-
mones and functional limitations analysis. The research
protocols were approved by the institutional review board
at each site and all participants provided written informed
consent before enrollment.

Study Measures

Physical functioning limitations.—Self-reported physical
functioning was assessed by the 10-item physical function-
ing subscale of the SF-36 (13), which has been extensively
evaluated for validity, internal consistency, and test-retest
reliability in diverse ethnic groups and age ranges. It
includes a three-item response of “limited a lot,” “limited a
little,” or “not limited at all” to the following items: vigor-
ous and moderate activities; lifting or carrying groceries;
climbing several flights of stairs; climbing one flight of

stairs; bending, kneeling, or stooping; walking more than 1
mile; walking several blocks; walking one block; and bath-
ing or dressing. Participant responses were calculated using
the original algorithm that produces a physical functioning
score between 0 and 100 with higher scores representing
better physical functioning (14). Scores on the SF-36 are
highly skewed with many respondents scoring 100 (15).
Therefore, SF-36 physical functioning scores were catego-
rized into a three-level functional limitations variable using
cutoffs as recommended by Rose and colleagues (15): no
limitation (86—100), moderate limitation (51-85), and sub-
stantial limitation (0-50).

Menopausal status.—Menopausal status was based on
bleeding patterns, current hormone use, hysterectomy/
oophorectomy as follow: (i) premenopausal: menses in
the last 3 months with no change in regularity in the last
12 months; (ii) early perimenopausal: menses in the last
3 months with some change in regularity during the prior
12 months; (iii) late perimenopausal: no menses within the
last 3 months, but some menstrual bleeding over the prior
12 months; (iv) postmenopausal: no menses within the last
12 months; (v) surgical postmenopausal: history of hys-
terectomy or bilateral oophorectomy; (vi) hormone users/
unknown: postmenopausal women using hormone therapy
and women with undetermined menopausal status due to
hormone therapy use.

Endogenous sex hormones.—A fasting blood sample was
drawn at each visit during the early follicular phase (days
2-5) if women were still menstruating. If a timed sample
could not be obtained, a random fasting sample was taken
within the 90-day period of recruitment. Sex hormones
were measured using the Automated Chemiluminescence
System (ACS)-180 (Bayer Diagnostics Corp., Norwood,
MA). Estradiol (E2) was measured using a modified, off-
line ACS-180 (E,-6; lower limit of detection [LLD]: 1-7
pg/mL; averaged interassay coefficient of variation [CV]:
10.6%; averaged intra-assay CV: 6.4%). Serum testoster-
one (T) concentration was evaluated with the ACS-180 total
T assay modified to increase precision in the low ranges
(LLD: 2-2.2ng/dL; interassay CV: 10.5%; intra-assay
CV: 8.5%). Sex hormone-binding globulin (SHBG) was
measured with a two-site chemiluminescent immunoassay
(LLD: 1.9-3.2 nM; interassay CV: 9.9%; intra-assay CV:
6.1%). Only E2 assays were conducted in duplicate. The
arithmetic mean for the duplicate measures was calculated
and reported (CV: 3%—-12%). Hormone values below the
LLD were replaced with a random value between zero and
the LLD. Cycle day of blood draw was reported as days
2-5 (for regularly menstruating women) or outside of that
period (for irregularly and nonmenstruating women).

Study covariates.—In addition to race/ethnicity as a
study covariate, annual BMI was calculated using measured
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weight (kg)/height (m)*. Age, current smoking status, and
difficulty paying for basics (degree of difficulty in paying
for basics such as food, housing, and health care on a three-
item scale “very hard, somewhat hard, or not very hard at
all”) were derived from questionnaires administered annu-
ally. Annual reporting of comorbid medical conditions
known to be associated with poor physical functioning
including depression, osteoarthritis, diabetes, and hyperten-
sion were also considered. Depression was assessed using
the Center for Epidemiologic Studies Depression scale with
a cut point 216 indicating current presence of depressive
symptoms (16). Osteoarthritis was self-reported as present
or absent. Participants who self-reported diabetes, had fast-
ing glucose levels 2126 mg/dL, or reported any use of insu-
lin or antidiabetic agents on at least 70% of the visits and/
or for at least three consecutive visits were classified as dia-
betic. Participants with systolic blood pressure 2130 mmHg
or diastolic blood pressure 285 mmHg or self-reported
using antihypertensive medication were classified as having
hypertension. Physical activity was assessed longitudinally
via a modified Baecke scores of habitual physical activity;
with higher scores indicating more physical activity (17).

Statistical analysis.—For longitudinal analysis, time
variant menopausal status, log-transformed E2, SHBG,
and T (to account for skewed distributions) were modeled
separately as a function of functional limitations categories
using ordinal generalized estimating equation since the pro-
portional odds assumptions were met. Time was modeled as
age at visit-04 and time since visit-04 to account for chron-
ological aging. Sex hormones, BMI, and physical activity
score were modeled as visit-04 (cross-sectional effect) and
change from visit-04 (longitudinal effect) to distinguish
between the cross-sectional effect and the longitudinal
effect (18). Interactions between the menopausal status,
sex hormones (in separate models), ethnicity, and BMI
were evaluated and none were significant. Smoking status
was initially included in multivariable analyses and then
excluded as adding it to models did not improve the models
or change the main results. Analyses were performed with
SAS v9.2 (SAS Institute, Cary, NC). All models were two-
sided at alpha = 0.05.

RESULTS

Participants were followed for a maximum of 11.2 years
(median follow-up time = 9.7 years) and contributed an aver-
age of 4.3 observations per woman. Table 1 presents char-
acteristics of the study participants at visit-04. About 52%
of the study population were pre- or early perimenopausal
and about 17% were natural or surgical postmenopausal. By
visit-12, 92% were natural or surgical postmenopausal and
only 2.6% were still menstruating (Supplementary Table 1).

Overall, 58.4% reported no functional limitations, 31.0%
reported some limitation, and 10.5% reported substantial

Table 1. Characteristics of the Study Population at SWAN Visit-04

Study Variables N =2,495%
Age (y), mean = SD 50.5+2.7
Ethnicity, n (%)
Caucasian 1,225 (49.1)
African American 769 (30.8)
Japanese 265 (10.6)
Chinese 236 (9.5)
Status, n (%)
Premenopause 175 (7.5)
Early perimenopause 1,043 (44.7)
Late perimenopause 246 (10.5)
Natural postmenopause 355 (15.2)
Surgical postmenopause 45 (1.9)
Hormone users/unknown 472 (20.2)
Body mass index, kg/m?, mean + SD 28.7+7.5
Smoker, n (%) 306 (13.4)
Physical activity’, mean = SD 7717
How hard to pay for basics, n (%)
Very hard 183 (7.4)
Somewhat 674 (27.1)
Not very 1,630 (65.5)
Hypertension, n (%) 778 (34.8)
Diabetes, n (%) 167 (7.1)
Osteoarthritis, n (%) 311 (13.3)
Depression, n (%) 416 (18.0)

Endogenous sex hormones, median (Q1, Q3)

E2, pg/mL 31.5(18.8,72.2)
SHBG, nM 38.2(25.5, 53.7)
T, ng/dL 33.4 (24.1, 47.0)

Self-reported physical functioning®, n (%)

No limitation 1,319 (58.4)
Some limitation 700 (31.0)
Substantial limitation 238 (10.5)

Notes: E2 = estradiol; SHBG = sex hormone-binding globulin;
SWAN = Study of Women’s Health Across the Nation; T = testosterone.

*Denominator for presented proportions for some variables may not be the
same due to missing related information at visit-04 for different variables.

‘Range of physical activity score 3-13.2. Higher score indicates higher
level of physical activity.

“No limitation: physical functioning score 86—100; some limitation: physical
functioning score 51-85; substantial limitation: physical functioning score: <50.

limitation at follow-up visit-04. A slight increase in sub-
stantial limitation was observed from visit-04 (11.0%) to
visit-12 (15.0%). Additionally, classification as having no
limitation decreased over time (58.4% at visit-04 vs 52.1%
at visit-12), Figure 1. The odds of functional limitation per
7-year increase was found to be 1.24 (95% confidence inter-
val: 1.16, 1.32) adjusting for age at visit-04, study site, and
race (data not shown).

In longitudinal analysis (Table 2), the odds of substantial
limitation versus no limitation and some limitation were
higher in late perimenopausal, natural postmenopausal,
surgical postmenopausal, and in hormone user/unknown
menopausal status women (All p < .05) compared with
premenopausal women adjusting for age, site, race, diffi-
culty paying for basics, level at visit-04, and change since
visit-04 of BMI and physical activity. Further adjustment
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Figure 1. Percentages of physical function limitation categories over time. *No limitation: physical functioning score 86—100; some limitation: physical function-
ing score 51-85; substantial limitation: physical functioning score: <50. ‘Cross-sectional sample size at each visit: visit-04 = 2,257, visit-06 = 2,142, visit-08 = 2,126,
visit-10 = 2,091, visit-12 = 2,035. Common reasons for loss to follow-up: refusing to complete the form, missing the study visit and study deactivation. 'p <.0001 for
greater odds of substantial limitation versus no limitation and some limitation at visit-12 compared with visit-04.

Table 2. Longitudinal Associations Between Menopausal Status and Higher Levels of Physical Functioning Limitation

Model 1*

Proportional Odds

Menopausal Status Ratio (95% CI) p Value

Premenopause 1 (Reference) —
Early perimenopause 1.55 (1.08, 2.24) .02
Late perimenopause 1.73 (1.19, 2.53) .004
Natural postmenopause 1.89 (1.29, 2.77) .001
Surgical postmenopause 2.00(1.25, 3.19) .004
Hormone users/unknown 1.61 (1.09, 2.37) .02

Model 2* Model 3*
Proportional Odds Proportional Odds

Ratio (95% CI) p Value Ratio (95% CI) p Value

1 (Reference) — 1 (Reference) —
1.46 (1.00, 2.14) .05 1.42 (0.96, 2.10) .10
1.62 (1.09,2.41) .02 1.51 (1.00, 2.27) .049
1.72 (1.16, 2.56) .01 1.61 (1.07,2.41) .02
1.88 (1.17, 3.04) .01 1.73 (1.06, 2.83) .03
1.64 (1.09, 2.47) .02 1.46 (0.97, 2.22) .10

Notes: Proportional odds ratios present the odds of substantial limitation versus no limitation and some limitation in each status category compared with premeno-

pausal status. BMI = body mass index; CI = confidence interval.
*Model 1: adjusted for age at visit-04, time since visit-04 and site.

"Model 2: adjusted for age at visit-04, time since visit-04, site, race, ability to pay for basics, BMI at visit-04, change in BMI since visit-04, physical activity at

visit-04, and change in physical activity since visit-04.

“Model 3: additionally adjusted for hypertension, diabetes, osteoarthritis, and depression.

for comorbid conditions did not change the results for late
peri-, surgical, and natural postmenopausal women.

In Table 3, higher levels of E2 at visit-04 and less reduc-
tion in E2 and T since visit-04 were significantly associ-
ated with lower odds of reporting functional limitations. On
the other hand, a greater increase in SHBG since visit-04
was associated with greater odds of functional limitations.
Except for E2 level at visit-04, results did not change in
final models (model 3, Table 3).

DiscussioN

The results from the current study suggest menopause-
related changes in sex hormones as possible triggering fac-
tors for the significant limitation reported in surgical and
postmenopausal women.

Our findings that both surgical and natural postmeno-
pausal women are more likely to report higher levels of

limitation were in agreement with previous cross-sectional
analyses from SWAN (7,8). We expanded these cross-
sectional results to the longitudinal setting while control-
ling for changes in factors that potentially could impact
physical functioning level. Using longitudinal data from the
Michigan Bone Health and Metabolism study, Sowers and
colleagues (19) reported significant reduction in levels of
self-reported and performance-based physical functioning
in midlife women. The study was limited by only including
Caucasian women. We reported similar results, however,
using a larger sample with multiethnic groups of midlife
women. Additionally, we evaluated the potential contribu-
tions of changes in sex hormones on functional limitations,
which was not evaluated in Sowers and colleagues (19) or
any previous study.

Several changes accompanying the menopausal transi-
tion could potentially predispose women to be more vul-
nerable to a greater functional limitation. According to the
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Table 3. Longitudinal Associations Between Level and Changes of Endogenous Sex Hormones and Higher Levels of
Physical Functioning Limitation

Endogenous Sex Model 1* Model 2° Model 3*

Hormones, Separate Proportional Odds Proportional Odds Proportional Odds

Models (log transformed) Ratio (95% CI) p Value Ratio (95% CI) p Value Ratio (95% CI) p Value
E2 level at visit-04 0.87 (0.79, 0.96) .01 0.87 (0.79, 0.97) .01 0.91 (0.82, 1.00) .06
E2 change since visit-04 0.91 (0.85, 0.98) .01 0.91 (0.85, 0.97) .01 0.93 (0.87, 0.99) .03
SHBG level at visit-04 1.08 (0.93, 1.25) .30 1.08 (0.93, 1.25) .30 1.08 (0.94, 1.26) .30
SHBG change since visit-04 1.17 (1.03, 1.34) .02 1.19 (1.04, 1.36) .01 1.23 (1.08, 1.41) .002
T level at visit-04 0.92(0.77, 1.10) 40 0.94 (0.79, 1.12) .50 0.93(0.79, 1.10) 40

T change since visit-04 0.84 (0.73, 0.97) .02 0.87 (0.75, 0.99) .047 0.84 (0.73, 0.97) .02

Notes: Proportional odds ratios present the odds of substantial limitation versus no limitation and some limitation per 1 unit increase (log transformed) in sex
hormones (level or change). BMI = body mass index; CI = confidence interval; E2 = estradiol; SHBG = sex hormone-binding globulin; T = testosterone.

*Model 1: adjusted for age at visit-04, time since visit-04, BMI at visit-04, change in BMI since visit-04, and site.

"Model 2: adjusted for age at visit-04, time since visit-04, BMI at visit-04, change in BMI since visit-04, site, race, cycle day of blood draw, ability to pay for

basics, physical activity at visit-04, and change in physical activity since visit-04.

“Model 3: additionally adjusted for hypertension, diabetes, osteoarthritis, and depression.

Nagi model (3) functional limitation and disability could
be consequences of an active pathological situation. This
pathological situation can lead to an impairment status. We
hypothesized that the hormonal changes either due to natu-
ral or surgical menopause could easily create a pathologi-
cal situation and the consequences of the hormonal changes
(discussed below) could lead to an impairment status that
results in functional limitations (8). Our results support our
hypothesis (8) that hormonal changes could play a primary
role in the etiology for the disablement process as proposed
by the Nagi model (3).

Functional limitations in performing daily living activi-
ties are mainly affected by muscle strength, mass, and per-
formance (20). The reduction in muscle strength can play
a substantial role in the degree of difficulty in performing
daily living activities (21,22). The loss of muscle mass may
contribute to the loss of skeletal mass by reducing mechani-
cal stress on the skeleton (23). It has been reported that an
accelerated loss of muscle strength occurs earlier in women
than men (24). Women tend to lose muscle strength (24)
and mass (23) around the 5th decade of age which is the
time at which most women go through menopause.

We reported significant positive associations between the
changes in E2 and T levels, and functional limitations dur-
ing the menopausal transition. Previous studies showed sig-
nificant associations between the estrogen and testosterone
levels and muscle strength (25-27), a potential determinant
of physical functioning. A recent meta-analysis showed that
muscle strength for women on hormone therapy were ~5%
significantly greater than those not on hormone therapy
(28). Combined estrogen/testosterone treatment was asso-
ciated with an increase in lower body mass, reduction in
body fat, and an increase in lower muscle strength in post-
menopausal women (29).

The menopause-related changes in sex hormones could
potentially affect the physical functioning level via several
mechanisms. Estrogen may have a direct effect on muscle
via estrogen receptors at the messenger RNA level (30).

The skeletal muscles have a higher proportion of alpha
estrogen receptor on type II fibers, the twitch muscle fib-
ers that produce fast and strong contractions (20). Estrogen
may also act on muscle indirectly via the somatotropic axis
of growth hormone and insulin growth factor 1 (31). Both
growth hormone and insulin growth factor 1 have anabolic
effects on muscle and bone tissues (20,32).

Androgens are also important for women as they act on
several tissues including the central nervous system, car-
diovascular system, bone, breast, muscle, adipose, and
genital tissues (33). Androgen acts either directly by bind-
ing to androgen receptors or indirectly by local aromatiza-
tion to estrogens (33). T increases muscle protein synthesis
through binding to the androgen receptors in muscle tis-
sue, which in turn stimulates protein synthesis in both type
I and II muscle fibers (25). Adding T to estrogen therapy
was associated with an increase in lower muscle strength in
postmenopausal women (29).

In the current study, the odds of reporting higher levels
of functional limitations were the highest among surgi-
cal menopause women. After menopause, the production
of estrogen falls rapidly, while levels of androgen slightly
decrease over time. Oophorectomy reduces serum T by half
(29) and this may explain the greatest functional limita-
tions in surgical menopause reported in the current study.
Another possible explanation is that the greater functional
limitation among surgical menopause women could be a
consequence of the conditions that lead to surgical meno-
pause and impact women'’s health status. More than 20% of
surgical menopause women described their health status as
fair or poor compared with less than 7% of pre- and peri-
menopausal women (19).

We found a significant positive effect between increase
of SHBG and greater functional limitations. SHBG is a
glycoprotein synthesized in the liver and binds with higher
affinity to androgens more than estrogens (34). An increase
in SHBG is associated with a decreased androgenic status.
Therefore, the positive association that we reported may
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be explained by the direct relationship between SHBG and
androgen. The use of hormone therapy increases SHBG
production and therefore leads to a reduction in active T
levels (33).

This study has a number of limitations. Self-reported
physical functioning from the SF-36 was used as longi-
tudinal physical functioning performance measures were
not available at time of this study. Although we utilized
self-reported physical functioning rather than an objective
measure, the SF-36 physical functioning scale is a widely
used scale with high reproducibility and validity meas-
ures (13,14). We excluded Hispanic women due to their
shorter follow-up time. Therefore, the current results may
not be generalizable to Hispanic women. It is unlikely that
excluding Hispanics introduced bias to the main results
as a sensitivity analysis including them showed simi-
lar main results. Additionally, women excluded from the
current analysis probably biased results toward the null,
as those who were excluded were less healthy (women
excluded were slightly older, less physically active, more
likely to be surgical post or natural postmenopausal, on
hormone therapy, hypertensive, self-reported osteoarthri-
tis, and reported more depressive symptoms than women
included). Including those women would strengthen our
results. Finally, because women with prior hysterectomy
were ineligible for SWAN enrollment, women who had a
hysterectomy after enrollment may not be representative of
all women with hysterectomy.

Using a well-characterized cohort of multiethnic women at
midlife, we reported higher levels of functional limitations in
both surgical and natural postmenopausal women that were
not explained by potential confounders. The greater limita-
tions observed among surgical and natural postmenopau-
sal women are most likely to be resulted from the changes
in endogenous estrogen and androgens accompanying the
menopausal transition. Future studies should assess if similar
associations exist with objective physical functioning meas-
ures. Additionally, it is important to test whether the effect of
type and timing of menopause are still seen later in life once
all women transition completely to the postmenopausal stage.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/
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