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Abstract

Objective—This study assessed longitudinal changes in body composition, fat distribution and
energy balance in perimenopausal women. We hypothesized that total fat and abdominal body fat
would increase at menopause due to decreased energy expenditure (EE) and declining estrogen,
respectively.

Design—Observational, longitudinal study with annual measurements for 4 years.

Subjects—Healthy women (103 Caucasian; 53 African-American), initially premenopausal.
During follow-up, lack of menstruation for 1 year and follicle-stimulating hormone >30 mIU ml-1
defined a subject as postmenopausal.

Measurements—~Fat and lean mass (dual-energy X-ray absorptiometry), visceral (VAT) and
subcutaneous abdominal fat (SAT) (computed tomography), dietary intake (4-day food record),
serum sex hormones and physical activity (tri-axial accelerometry). Twenty-four hour EE was
measured by whole-room calorimeter in a subset of 34 women at baseline and at year 4.

Results—Body fat and weight increased significantly over time only in those women who became
postmenopausal by year 4 (n=51). All women gained SAT over time; however, only those who
became postmenopausal had a significant increase in VAT. The postmenopausal group also exhibited
a significant decrease in serum estradiol. Physical activity decreased significantly 2 years before
menopause and remained low. Dietary energy, protein, carbohydrate and fiber intake were
significantly higher 3-4 years before the onset of menopause compared with menopause onset.
Twenty-four hour EE and sleeping EE decreased significantly with age; however, the decrease in
sleeping EE was 1.5-fold greater in women who became postmenopausal compared with
premenopausal controls (-7.9 vs -5.3%). Fat oxidation decreased by 32% in women who became
postmenopausal (P<0.05), but did not change in those who remained premenopausal.

Conclusion—Middle-aged women gained SAT with age, whereas menopause per se was
associated with an increase in total body fat and VAT. Menopause onset is associated with decreased
EE and fat oxidation that can predispose to obesity if lifestyle changes are not made.
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Introduction

Methods
Subjects

The prevalence of obesity (body mass index >30 kg m2) is typically higher in females than
males globally,! and is consistently higher in US national surveys.2 While the reasons for this
sex difference in obesity are not clear, fluctuations in female sex hormones at menarche,
pregnancy and menopause may play a role. Since women in developed countries live
approximately one-third of their lives after menopause, and 68% of US women in the 40- to
59-year age group are overweight or obese,? understanding factors that influence body fat and
its distribution in relation to the menopause transition is of critical importance.

Previous research is inconclusive as to whether mid-life body weight gain in women is related
to aging per se or hormonal changes at menopause. In a longitudinal study of middle-aged
women, Wing et al.3 found there was no difference in weight gain of women who remained
premenopausal compared with those who became postmenopausal over follow-up. Similarly,
the Study of Women’s Health Across the Nation (SWAN), a survey of ~13 000 multi-ethnic
women in the Unite States, reported that body mass index in women who had undergone natural
menopause was not significantly different from premenopausal women, although body mass
index was higher in women who had experienced surgical menopause.* A more recent report
from SWAN,® however, indicated that the change in circulating follicle-stimulating hormone
(FSH) levels was positively correlated with the change in fat mass over 6 years of follow-up
in 543 middle-aged Caucasian and African-American women, and concluded that ovarian
aging does play a role in body composition changes at mid-life. Epidemiological studies of
postmenopausal hormone replacement therapy (HRT) also suggest that estrogen deficiency is
associated with weight gain, whereas exogenous estrogen replacement is associated with
weight loss (or less weight gain).®

Data are more consistent in suggesting that estrogens play an important role in regulating body
fat distribution in women, although there have been few longitudinal studies of this question.
Postmenopausal women who take exogenous estrogens have significantly lower waist-to-hip
ratio® and less visceral adipose tissue (VAT)’ compared with estrogen non-users. Cross-
sectional data also suggest that postmenopausal women have higher total and abdominal fat
mass® and lower lean body mass® than premenopausal women, although it is difficult to fully
control for effects of aging in cross-sectional studies.

To our knowledge, there have been no longitudinal studies of the menopause transition using
direct measures of both total and intra-abdominal fat and energy expenditure (EE). The purpose
of this study was to examine changes in body composition and regional fat distribution in a
biethnic cohort of middle-aged women, and to determine the impact of hormonal status,
physical activity and diet on these factors. We hypothesized that menopause (that is, estrogen
deficiency) would increase both total body fat and VAT due to decreases in EE and circulating
estradiol, respectively.

Subjects were recruited by print and radio advertisement and targeted mailings between 1997
and 1998. To be included, subjects had to be healthy, age 43 years or older, have had at least
five menstrual periods in the 6 months prior to screening and have serum FSH <30 mlU
ml-L. Women were ineligible if they were taking regular medication (including oral
contraceptives or other hormones), were not having regular menstrual cycles or had clinically
abnormal results on laboratory tests or physical examination. Fifty-five African-American and
103 Caucasian women were enrolled. The Louisiana State University Institutional Review
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Board approved the protocol and informed consent form and all subjects gave informed consent
prior to participating in the study.

The study was observational with all outcomes measured at baseline and annually for 4 years
after study enrollment, with the exception of 24-h EE by indirect calorimetry. Because of the
high subject burden and cost of 24-h indirect calorimetry, it was only performed at baseline
and year 4 in a subset of women who agreed to participate and had become postmenopausal
by year 4. Out of 54 women who completed the 24-h indirect calorimetry measures at baseline,
13 women had experienced menopause and had a repeat test at year 4.

Body composition and fat distribution

Height and weight were assessed in overnight fasted subjects wearing a hospital gown. Body
composition (fat and lean mass) was determined by dual energy X-ray absorptiometry (Hologic
QDR2000; Waltham, MA, USA). Lean mass as reported in this analysis does not include bone
mass. Additionally, all subjects had an abdominal computed tomography scan at the level of
the interspace between the fourth and fifth lumbar vertebrae (10-mm thick), as previously
described,® for determination of abdominal fat distribution (GE High Speed Advantage, GE
Medical Systems, Milwaukee, WI, USA). Deep subcutaneous adipose tissue (SAT) was
measured as the area between the clearly demarcated circumferential fascia superficialis and
the abdominal muscle wall.1% Superficial SAT was measured as the area between the fascia
superficialis and the skin. A single reader performed all image analysis and was blinded to the
menopausal status of the subjects. The coefficient of variation for measures of VAT in our
laboratory is 10.5% (repeat scans on the same subjects made 1-2 weeks apart).

Free-living EE

To obtain an idea of the volunteers’ habitual level of physical activity, free-living EE was
determined by using a triaxial activity monitor (TriTrac R3D; Reining International Ltd.,
Madison, W1, USA) as previously described.1! Volunteers were instructed to wear the Tritrac
on their waist belt for four consecutive days, including one weekend day, from the time they
woke up until they went to bed.

Dietary intake and analysis

All subjects completed a 4-day food record following instruction from a dietitian. In most cases,
this record was collected during the same 4 days that the subject was wearing the triaxial motion
sensor. Intake data were analyzed using Moore’s Extended Nutrient database (MENu)
(copyright Pennington Biomedical Research Foundation, 1998).

Metabolic chamber

Details of the metabolic chamber at the Pennington Center have been described previously.
12 Briefly, a subset of 34 volunteers was tested at baseline (premenopausal status) and again
after 4 years of follow-up (either postmenopausal or premenopausal status). Subjects entered
the chamber before breakfast at 0900 hours on each test morning and left the chamber at 0730
hours the next day. They received three meals and two snacks at scheduled times. Treadmill
walking at a speed of 2 mph for variable lengths of time was prescribed in order to achieve
energy balance in the metabolic chamber. The fixed time period of walking on the treadmill
(112+12 min) and energy intake were held constant during both the baseline and follow-up
chamber test days. EE and substrate oxidation were calculated from oxygen consumption,
CO,, production and urinary nitrogen excretion using the equations of Elia and Livesey.13
Energy intake requirements were determined using the assessment of free-living EE by Tritac
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for each woman, and the amount of treadmill time necessary to match EE with energy intake
was calculated as previously described.12

Laboratory measurements

Total cholesterol, high-density lipoprotein cholesterol and triglyceride levels were measured
on the Beckman Synchron CX5 autoanalyzer. The dextran sulphate precipitation method was
used for high-density lipoprotein measurement. Low-density lipoprotein level was calculated
using the Friedewald equation, assuming triglycerides within normal limits. Glucose was
determined using the glucose oxidase method on a Beckman Synchron CX7 instrument
(Beckman, Brea, CA, USA). Insulin concentrations were determined using a microparticle
enzyme immunoassay on an Abbott IMx analyzer (Abbott Laboratories, Abbott Park, IL,
USA). This assay has <1% cross-reactivity with proinsulin. Between-run coefficients of
variation for all assays were <2.5% except insulin, which had a coefficient of variation of 6.6%.
FSH and estradiol were measured on DPC 2000 using a solid-phase immunometric assay with
chemiluminescent detection (Diagnostic Products Corporation, Los Angeles, CA, USA).
Insulin sensitivity was estimated using the Quantitative Insulin Sensitivity Check Index
(QUIKI) from fasting glucose and insulin as previously described.14

Data analysis

Data were analyzed using SAS version 8.2. Variables that were not normally distributed were
log-transformed prior to analysis. The primary endpoint of the study was VAT. Key secondary
outcomes included subcutaneous AT, total fat and lean mass, physical activity and energy and
macronutrient intake.

A repeated-measure analysis of variance was used (PROC MIXED) to determine main effects
of time and menopausal status on outcome variables and a post hoc test with Tukey-Kramer
adjustment was used for multiple comparisons. For some analyses, the onset of menopause
was marked as ‘0’; dependent variables were set at 100% at that time point and data points
from before and after were referenced as a % of that value. In these analyses, ‘TIME 0’ (or
menopause onset) refers to the data from the annual visit when a woman reported having at
least 12 months without a menstrual period and at which she had an FSH concentration >30
mlU ml-L. Paired comparison tests between years before and after menopause and TIME 0
were adjusted using a Dunnett adjustment with TIME 0 as control point. A P-value less than
0.05 was considered significant.

Statement of ethics

Results

We certify that all applicable institutional and governmental regulations concerning the ethical
use of human volunteers were followed during this research and that approval by the Louisiana
State University Institutional Review Board for ethics in human research was obtained prior
to starting the study.

Characteristics of the subjects at enroliment have been described previously.1®> Women were
divided post hoc into three groups based on their menopausal status at year 4: (1) women who
remained premenopausal throughout the study (PRE, n=34); (2) women who were classified
as perimenopausal (that is, irregular cycles and <5 cycles in the 6 months prior to their visit)
atyear 4 (PERI, n=44) and (3) women who were classified as postmenopausal (that is, reported
no menstrual cycles in the past year and FSH>30 mIU ml-1) at year 4 (POST, n=51). A

significant main effect of time was observed for body weight (P<0.0001), which increased in
all three groups over time but was significantly higher by post hoc analysis in year 4 vs baseline
only inthe POST group (Table 1). Significant main effects of time were also observed for total
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abdominal fat and all individual abdominal fat depots, which generally increased over time in
all three groups. Of note, the increase in VAT from baseline to year 4 was statistically
significant only in the POST group, whereas subcutaneous abdominal fat increased
significantly over time in all three groups. There was no main effect of menopause group on
any body composition variable, nor did we observe significant group*time interactions (Table
1).

Significant main effects of menopause group were, however, observed for both FSH and
estradiol concentrations. Baseline FSH was lowest in the PRE group and highest in the POST
group, whereas the PERI group had intermediate baseline FSH concentrations. All three groups
had a significant increase in FSH concentration from baseline to year 4. With regard to estradiol,
circulating concentrations remained similar from baseline to year 4 in both PRE and PERI
groups, but declined significantly by year 4 in the POST group.

When data were analyzed by race, there were no statistically significant differences in the
changes in body composition or hormone levels over time in African-American vs Caucasian
women in the three menopausal groups (data not shown).

To further determine the impact of menopause on body composition, we analyzed data from
only those women who had become menopausal during the course of the study (n=51) relative
to the value for each variable at the time of onset of menopause. These data are expressed as
a percentage of the value at the time of onset of menopause (‘year 0”) and are shown in Table
2 and Figure 1. There were no significant differences in body weight, fatness or lean mass in
relation to menopause onset. VAT was significantly lower in both year -4 and year -3, and
increased until the onset of menopause (T=0), at which time there was a plateau in the
postmenopausal years +1 and +2. SAT (total, deep and superficial compartments) showed a
more linear increase throughout the entire timeline in relation to menopause, and was
significantly lower in years -4 through -2 relative to year 0. The increases in abdominal fat
from years 4 to 1 - paralleled the decreases in serum estradiol and the increases in serum FSH
over time (Figure 1).

With regard to EE, we found a large and statistically significant decrease in activity EE in the
perimenopausal period as measured over 4 days by accelerometer (Table 3). Overall, in women
who transitioned to menopause during the study, activity counts dropped by half from 4 years
prior to menopause to menopause onset. Activity EE was similar in years -4 and -3 at about
210% of the menopause-onset level, and had dropped by year -1 and remained at this lower
level out through year +2.

Total energy intake tended to decrease across the perimenopausal years and was significantly
higher at year -4 compared with menopause onset (Table 3). After adjustment for changes in
total energy intake, consumption of protein, polyunsaturated fat and dietary fiber declined over
time and were relatively higher in the years preceding onset of menopause than those after
menopause. Protein and polyunsaturated fat intake were significantly higher 4 years prior to
menopause onset than in the year of onset, whereas fiber intake was significantly higher in
years -4, -3 and -2 relative to menopause onset (year 0). In contrast, saturated fatty acid and
cholesterol intakes were significantly higher 2 years after menopause onset compared with
menopause onset and tended to increase over time.

Changes in 24-h EE and substrate oxidation were examined in more detail in a subset of women
studied at baseline and after 4 years of follow-up with a whole-room calorimeter (Table 4). Of
this subset, 17 had become postmenopausal by the year 4 follow-up and 17 remained
premenopausal at follow-up. Although total daily EE and sleeping EE decreased significantly
in both groups of women over time, the decrease was greater in the women who became
postmenopausal compared with those who remained premenopausal (-9.3 vs -7% for 24-h EE
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and -7.9 vs -5.3% for sleeping EE), although this difference was not statistically significant.
In addition, despite the fact that planned physical activity in the calorimeter was held constant
between both tests, spontaneous physical activity (fidgeting or non-exercise activity
thermogenesis, NEAT), declined by 30-40% from baseline to 4 years in both groups (Table
4).

We also observed a shift in substrate oxidation, with a significant drop in 24-h fat oxidation
(~26 g 24 h'1) at year 4 in women who became postmenopausal, whereas women who remained
premenopausal did not have a significant change in fat oxidation (Table 4). Both groups
experienced a significant increase in protein oxidation over time, whereas carbohydrate
oxidation was not significantly impacted.

Discussion

The present longitudinal study extends findings from previous cross-sectional studies
demonstrating that abdominal fat increases over time in women during the perimenopausal
years. While increases in SAT occurred in all women regardless of their menopausal status at
year 4, significant increases in total body fat and VAT only occurred in those women who
became postmenopausal during follow-up. An important finding is that VAT increased prior
to the onset of menopause and then remained relatively stable in the first 1-2 years following
menopause. Thus, the commonly held notion that weight and abdominal fat gains occur after
the onset of menopause must be re-examined. Our results also indicated that 24-h EE and
physical activity EE both decline over time in mid-life women; however, the drop in sleeping
EE is 1.5-fold greater over time in women who transition to menopause compared with their
peers who remain premenopausal. Furthermore, only those women who became
postmenopausal during follow-up showed significant decline over time in 24-h fat oxidation,
which may predispose them to gain excess body fat.

We observed that VAT increased significantly from 3-4 years prior to menopause compared
with menopause onset, whereas circulating estradiol decreased and serum FSH increased
significantly during the same time frame. These findings are consistent with the hypothesis
that female fat distribution is influenced by sex hormone concentrations and are congruent with
the recent epidemiological report by Sowers et al.® indicating that waist circumference
increases with increasing FSH at menopause.

Changes in body fat distribution with declining estrogen level may be due to alterations in
adipose tissue metabolism. Several studies have shown that estrogen influences adipose tissue
lipoprotein lipase activity and lipolysis. For example, Rebuffe-Scrive et al.16 observed that
femoral adipocytes from premenopausal women have higher lipoprotein lipase activity and
lower lipolytic responsiveness (promoting fat storage) compared to abdominal adipocytes,
while this regional difference was not seen in postmenopausal, estrogen-deficient women. The
loss of the relatively higher lipolytic rate in abdominal adipocytes after menopause may
predispose estrogen-deficient women to gain fat in this depot. The effects of exogenous
estrogens on adipocyte metabolism are somewhat more contradictory. A direct effect of an
estradiol transdermal patch in reducing subcutaneous adipose tissue lipoprotein lipase activity
in the gluteal fat depot has been reported,1 suggesting that higher levels of circulating estrogen
might actually reduce fat storage in this depot, in contrast with the data of Rebuffe-Scrive et
al. Estradiol administration had no effect on stimulated lipolysis in gluteal and abdominal fat
depots in male-to-female transsexuals!® or in femoral adipocytes from postmenopausal
women.19 However, Pedersen et al.20 observed that estradiol administration attenuates
lipolytic response in subcutaneous abdominal adipocytes, but not in adipocytes isolated from
the intra-abdominal fat depot. This study suggests that higher circulating estrogen levels
maintain typical premenopausal fat distribution by causing preferential fat storage in
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subcutaneous vs intra-abdominal fat depots. After menopause, when estrogen declines, this
preferential storage in subcutaneous tissues disappears and, based on the results of Rebuffe-
Scrive, there may conversely be preferential storage in abdominal adipose, consistent with the
results of the present study.

Our study also showed that free-living EE, as well as 24 h EE and sleeping EE with a whole-
room calorimeter, declined over time in mid-life women. In women studied with the
calorimeter, it was observed that the decrease in sleeping EE was 1.5-fold greater in those
women who became postmenopausal compared with women who remained premenopausal at
follow-up. Spontaneous physical activity EE in the whole-room calorimeter also dropped by
more than 30% over time in both groups of women. Although we had hypothesized that EE
would decrease with menopause, we had expected this might be due to the previously reported
decrease in lean body mass at menopause,® which, somewhat surprisingly, we did not observe
in the present study. Nonetheless, the observed reduction in 24-h EE of ~200 kcal day™ is
certainly of a magnitude that could cause significant weight gain and obesity over time. One
possible explanation for the observed decline in EE after menopause is the loss of the typical
luteal phase increase in EE (~100 kcal day1) that occurs in women with normal menstrual
cycles.! In our study, the decline in EE appeared to be offset by a reduction in energy intake
in our population, thus mean body weight changed minimally by the end of the study. If,
however, perimenopausal and postmenopausal women do not voluntarily decrease energy
intake, the decline in EE with menopause is enough to result in significant weight gain over
time.

In addition to the changes in EE, we also observed changes in 24-h substrate oxidation, with
asignificant decline in fat oxidation that appeared to be due to menopause per se as this change
was not observed in women who remained premenopausal at follow-up. Both groups of women
experienced significant increase in protein oxidation over time. A limitation of these results
was the small number of subjects available for follow-up measures of 24-h EE; nonetheless,
our findings are suggestive that estrogen deficiency influences metabolism in a manner that
would favor overall energy and fat storage.

The observed decline in free-living activity EE (Tritrac) coinciding with the decline in serum
estradiol and the onset of menopause is consistent with the literature in rodents. Female
estrogen-receptor-knockout mice have been shown to exhibit decreased spontaneous physical
activity relative to wild-type females, an effect independent of estrogenic effects on energy
intake and only seen in estrogen-receptor-o knockouts and not estrogen-receptor- knockouts.
22 Although a reduction in activity EE would primarily impact overall body weight and fatness,
previous studies have identified physical inactivity as a major determinant of abdominal fat
deposition as well.23 Thus, it is possible that the observed changes in abdominal fat distribution
over time were due in part to the decrease in physical activity as well as the change in circulating
sex hormones, although our study did not directly test this hypothesis.

In addition to the changes in EE, we also observed changes in diet composition in relation to
the onset of menopause. There is a large body of literature on the role of sex steroids in
regulating macronutrient preference in both humans and other mammals (reviewed in
Geiselman and Smith24). Previously published data suggest that estrogen deficiency in female
rodents results in hyperphagia with a macronutrient-specific increase in dietary fat intake.2>
In the present study, although we did not observe significant longitudinal change in total fat
intake across the perimenopausal years, we did observe that saturated fat and cholesterol intake
increased significantly in the years post-menopause. Importantly, we also observed a decline
in relation to menopause onset in several nutrients that are important in satiety and body weight
regulation, including protein and fiber. We previously reported baseline data from this study
population indicating ethnic differences in protein and fiber intake that relate to body
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composition, and demonstrating that fiber is the strongest independent dietary predictor of
body fatness in the cross-sectional analysis.26 Thus, the observed changes in dietary
composition in the present study could indicate a risk for positive energy balance and weight
gain over time.

Although increased VAT and decreased physical activity are well-known risk factors for
metabolic and cardiovascular disease, the observed changes these variables in our population
were not accompanied by changes in health risk factors such as blood lipids, glucose or insulin.
Possible reasons for this finding include the relatively small sample size, which might preclude
the detection of small changes, or that longer follow-up is needed before changes in fat
distribution and EE to result in measurable changes in risk factors. It is also possible that other
abdominal fat-associated risk factors not measured in the present study, such as low-density
lipoprotein particle size and C-reactive protein,2’ did change in our population.

The question of the effects of menopause on insulin sensitivity is an important and
controversial. An extensive and conflicting literature exists on the effects of exogenous
estrogens and progestins on insulin sensitivity in postmenopausal women, with beneficial,
neutral or adverse effects observed with oral HRT.28-30 Transdermal 17p-estradiol, on the other
hand, appears to have a neutral or positive effect.30-32 A recent meta-analysis of 107 clinical
trials found that HRT resulted in 13% improvement in insulin sensitivity as measured by
homeostasis model assessment (HOMA), and reduced the risk of new-onset diabetes in
postmenopausal women.33 In addition to these studies of HRT, several previous studies have
reported that estrogen deficiency at natural menopause has no effect on insulin resistance,34:
35 which is consistent with our findings in the present study. One possible reason for the
variability in findings related to female sex hormones and insulin sensitivity include the fact
that visceral adiposity may mediate the impact of HRT on insulin sensitivity.’

A limitation of our study was that clinic visits occurred annually and thus, we typically did not
have a study visit that was timed precisely 1 year post cessation of menses (that is, a ‘true’ year
0 or menopause onset). Given the standard definition of menopause of 12 months without a
menstrual cycle, theoretically an individual’s year 0 visit could have occurred close to 2 years
after cessation of menses rather than the 1 year assumed in our analysis. Regardless of these
menopause-onset timing issues of plus or minus 9-12 months, our finding that visceral fat level
changes occur prior to or at the onset of menopause rather than after menopause is still valid.
An additional limitation is that the duration of follow-up post-menopause was relatively short
(2 years) and the sample size was smaller during the postmenopausal period and the early
premenopausal period (year -4). Thus, interpretation of changes in body composition and
energy balance post-menopause should be made with caution. We are currently continuing
follow-up of this cohort for an additional 3 years, which should provide considerably longer
postmenopausal longitudinal data.

In summary, the present study suggests that menopausal transition years place women at high
risk for abdominal fat gain. The increases in VAT are greatest up to the onset of menopause,
at which point there is little further increase at least for the first several years after menopause.
The reduction in both basal EE and physical activity EE at menopause, along with observed
reductions in dietary protein and fiber intakes, may significantly increase risk postmenopausal
women’s risk for weight gain. These data support the importance of focusing on the early
perimenopausal years, with the goal of increasing physical activity and encouraging healthy
dietary choices to prevent weight and visceral fat gain in menopausal transition.
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Figure 1.

Longitudinal changes in body composition, sex hormones, EE and energy intake relative to
onset of menopause (year 0) in 48 women. Statistical significance is indicated in Tables 2 and
3. EE, energy expenditure.
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