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Abstract 

Context:  FSH may have independent actions on bone remodeling and body fat 
regulation. Cross-sectionally, we have shown that serum FSH is associated with bone 
mineral density (BMD) and body fat in older postmenopausal women, but it remains 
unknown whether FSH predicts bone and fat changes.
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Objective: We examined whether baseline FSH level is associated with subsequent bone 
loss or body composition changes in older adults.
Setting, Design, Participants: We studied 162 women and 158 men (mean age 82 ± 4 years) 
from the Age, Gene/Environment Susceptibility (AGES)-Bone Marrow Adiposity cohort, 
a substudy of the AGES-Reykjavik Study of community-dwelling older adults. Skeletal 
health and body composition were characterized at baseline and 3 years later.
Main Outcomes:  Annualized change in BMD and body composition by dual-energy 
X-ray absorptiometry (DXA) and quantitative computed tomography (QCT). Models 
were adjusted for serum estradiol and testosterone levels.
Results: There was no evidence for an association between baseline FSH level and change 
in BMD or body composition by DXA or QCT. For femoral neck areal BMD, adjusted mean 
difference (95% CI) per SD increase in FSH was 1.3 (-0.7 to 3.3) mg/cm2/y in women, and 
-0.2 (-2.6 to 2.2) mg/cm2/y in men. For visceral fat, adjusted mean difference (95% CI) 
per SD increase in FSH was 1.80 (-0.03 to 3.62) cm2/y in women, and -0.33 (-3.73 to 3.06) 
cm2/y in men.
Conclusions:  Although cross-sectional studies and studies in perimenopausal women 
have demonstrated associations between FSH and BMD and body composition, in 
older adults, FSH level is not associated with bone mass or body composition changes.

Key Words: follicle-stimulating hormone (FSH), bone loss, adiposity, body composition, aging

FSH, a gonadotropin secreted by the anterior pituitary, 
has traditionally been viewed as a reproductive hormone 
exerting its effects solely on gonadal tissues. However, in-
creasingly studies have suggested possible extragonadal 
functions of FSH, including regulation of bone mass (1, 2) 
and body fat (3, 4). In humans, serum FSH levels strongly 
correlate with the rate of bone loss during the menopausal 
transition (5-8). The onset of rapid bone loss coincides with 
a gradual increase in FSH in the 5 years leading up to meno-
pause, which together precede the drop in estrogen by 2 to 
3 years. In aging men, slow and progressive bone loss oc-
curs in conjunction with a steady annual increase in FSH of 
3.5% (9), although elevated FSH has not been shown to be 
independently associated with lower bone mass or changes 
in bone turnover in young to middle-aged men (10, 11).  
Meanwhile, coincident age-related increases in adiposity 
are also observed in both men and women. A  rapid in-
crease in central abdominal fat and abdominal obesity is 
observed during the menopause transition (12-14), and a 
greater increase in FSH is associated with greater increase 
in fat mass (15).

In vitro, FSH has been shown to increase osteoclast dif-
ferentiation and stimulate bone resorption via an isoform 
of the FSH receptor on bone (1, 16-18). There is evidence 
that FSH receptor is expressed in murine and human adi-
pocytes, and its activation results in upregulation of core 
fat genes (3, 4). In mice, in vivo treatment with anti-FSH 
antibodies resulted in a higher bone mass that was inde-
pendent of estrogen levels (19-21). FSH blockade also led 
to a significant reduction in visceral and subcutaneous fat 

(3). Although not all rodent models have identified inde-
pendent actions of FSH on bone homeostasis (22, 23), these 
preclinical data, combined with the clinical observations, 
suggest a potential role for FSH in the accelerated bone loss 
and fat accumulation early in the menopausal transition 
and possibly with aging.

Given the bone and fat changes during the meno-
pausal transition and the osteoprotective and antiobesity 
effects of FSH blockade established in rodent models, an 
FSH-blocking agent may have a potential role in treating 
postmenopausal osteoporosis and obesity. However, 
there are considerable knowledge gaps in the relationship 
among FSH, bone, and adiposity in older humans. It is 
older postmenopausal women and older men who are at 
greatest risk for adverse bone outcomes, but clinical studies 
to date have not explored the independent contribution 
of FSH to bone loss, shift in body composition, and frac-
ture risk in older adulthood. Cross-sectionally, in the older 
postmenopausal women in the Age Gene/Environment 
Susceptibility (AGES)-Reykjavik cohort study, we found 
that higher FSH was associated with lower bone density, 
decreased bone strength, and lower fat mass independent 
of estradiol and testosterone levels (24). Now, to deter-
mine the temporal relationships among FSH, bone loss, 
and change in body composition, we performed a longitu-
dinal analysis of the same cohort and assessed the effects 
of FSH on incident vertebral fractures as an exploratory 
analysis. We hypothesized that higher FSH level predicts 
greater bone loss, fat gain, and increased vertebral fracture 
incidence in older men and women.
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Materials and Methods

Participants

The AGES-Reykjavik study is a longitudinal, observa-
tional study of community-dwelling older adults living in 
and around Reykjavik, Iceland. The study was designed 
to examine genetic susceptibility and gene/environment 
interactions as contributors to phenotypes of old age, as 
previously described (25). A total of 5764 adults between 
the ages of 67 and 93 years completed the baseline AGES-
Reykjavik visit between 2002 and 2006. A  second study 
visit, completed by 3411 participants, occurred between 
2007 and 2011 (Fig. 1).

Two subgroups of participants attending this second 
AGES-Reykjavik visit were recruited for the bone marrow 
adiposity (BMA) Ancillary Study. Eligibility for AGES-
BMA included completion of quantitative computed 
tomography (QCT) scans at the AGES-Reykjavik second 
visit and no contraindications to magnetic resonance im-
aging. AGES-BMA substudy participants were brought 
in as 2 cohorts, with 303 participants in 2010 to 2011 
(subgroup A) and 241 participants in 2014 to 2015 (sub-
group B). A second AGES-BMA visit occurred after a mean 
follow-up of 4.7 ± 0.1 years in subgroup A (n = 172) and 
1.7 ± 0.1 years in subgroup B (n = 197). Of the 175 parti-
cipants who did not return for the AGES-BMA follow-up 
visit, 79 (45%) declined or were unable to participate, 56 
(32%) died, and 40 (23%) were lost to follow-up. Of the 
369 participants who attended the AGES-BMA follow-up 
visit, 3 were excluded from the analysis because of missing 

FSH measurements at the AGES-BMA baseline visit, 5 were 
excluded for not having QCT measurements at both AGES-
BMA baseline and follow-up, and 39 were excluded for use 
of medications known to affect FSH and/or bone mineral 
density (BMD) at AGES-BMA baseline and/or follow-up, 
namely hormone replacement therapy (estradiol or testos-
terone), selective estrogen receptor modulators, glucocortic-
oids, antiestrogens, aromatase inhibitors, GnRH analogs, 
or antiandrogens. In addition, 2 female participants were 
excluded, 1 for suspected estradiol exposure given high 
estradiol and low FSH levels, and the other for an FSH 
level 4.9 SD above the mean, leaving 320 participants in 
the analytic sample (162 women and 158 men) (Fig. 1). In 
power calculations during study planning, we determined 
that the samples of 158 women and 152 men provided 
80% power in 2-sided tests with a type I error rate of 5% 
to detect adjusted correlations of <0.10 between FSH and 
changes in continuous outcomes. The ancillary study was 
approved by the National Bioethics Committee in Iceland 
(VSN: 14-001-V3 and VSN: 07-062-V9), the National 
Institute on Aging, and the University of California, San 
Francisco, institutional review board. All participants pro-
vided written informed consent.

Biochemical assays
Samples were collected after an overnight fast within 2 
weeks of the baseline bone and body composition meas-
urements. Serum was stored at -80ºC. FSH levels were 
measured on archived serum in June 2017 as a single batch 

Figure 1.  Study timeline, study measurements, and participants included in analysis.
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using an ELISA (ALPCO, Salem, NH, USA). The assay 
had a sensitivity of 1 IU/L, an intra-assay coefficient of 
variation (CV) of 3.0%, and an inter-assay CV of 4.5%. 
This ELISA kit had no cross-reactivity with high levels of 
human chorionic gonadotropin (1000-50  000 IU/L), LH 
(5-250 IU/L), and TSH (5-250 mIU/L). All samples were 
measured in duplicate.

Sex hormones were also measured on the archived serum 
in January 2016 as a single batch (Endoceutics Clinique, 
Quebec, Canada). Total estradiol and testosterone were 
analyzed using gas chromatography/mass spectrometry 
(Shimadzu Nexera/Qtrap 6500, Shimatdzu, Kyoto, Japan). 
Lower limits of quantitation (LLOQ) were 1 pg/mL for es-
tradiol and 50 pg/mL for testosterone. The inter-assay CVs 
at the LLOQ were 4.7% for estradiol and 3.7% for testos-
terone. Values were extrapolated below the LLOQ, using 
Analyst software (AB Sciex, Concord, Canada), for 1 estra-
diol level and 2 testosterone levels below the LLOQ.

QCT measures of volumetric BMD

At the baseline and follow-up visits, QCT scans were 
obtained for the lumbar spine and hip using a 4-detector 
system (Sensation; Siemens Medical Systems, Erlangen, 
Germany), as previously described (26). A  reference 
standard (3-sample calibration phantom; Image Analysis 
Inc, Columbia, KY) was placed under the participant’s spine 
and hips and scanned simultaneously. The lumbar spine 
scanning included a helical study of the L1 and L2 verte-
brae (120 kVp, 150 mAs, 1-mm slice thickness, pitch = 1). 
A helical study of the hip (120 kVP, 140 mAs, 1-mm slice 
thickness, pitch  =  1) included the proximal femur from 
a point 1  cm superior to the acetabulum to a point 3 to 
5 mm inferior to the lesser trochanter. Scanner stability was 
monitored using stringent and reproducible daily quality 
assurance tests based on a phantom test, including meas-
urements of slice geometry, spatial uniformity, density lin-
earity, spatial resolution, and noise. The imaging center 
also performed weekly measurements to monitor density 
linearity of the calibration phantom described above and 
calibrated the scanner monthly against water.

QCT images were transferred to a network of computer 
workstations and processed to extract measures of volu-
metric BMD (vBMD) using analysis techniques previously 
described (27). For each trabecular, integral, and cortical 
region of interest, vBMD (mg/cm3), bone mineral content 
(mg), and bone volume (cm3) were computed. Integral 
BMD of the spine used the entire mid-vertebra excluding 
transverse elements. Spine trabecular BMD was calculated 
from an elliptical region in the anterior mid-vertebra. Spine 
compressive strength index (mg2/cm4) was computed from 
the cross-sectional area (mvCSA) and integral BMD of the 

mid-vertebral region (mvBMD): spine compressive strength 
index = mvBMD2 × mvCSA. All scans were analyzed using 
the same algorithm.

Dual energy X-ray absorptiometry measures 
of areal BMD and prevalent and incident 
radiographic vertebral fractures

At the baseline and follow-up visits, participants underwent 
dual energy X-ray absorptiometry (DXA) scanning of the 
hip and anteroposterior spine for assessment of areal BMD 
(aBMD; mg/cm2) and scans of the lateral spine for assess-
ment of vertebral fracture. All scans were obtained on 1 GE 
Healthcare Lunar iDXA scanner (GE Healthcare, Madison, 
WI, USA; software version 11.4). A  spine phantom 
demonstrating high level of reproducibility (<1% CV) was 
scanned regularly throughout the course of the study to 
monitor scanner performance. Vertebral fractures were as-
sessed from DXA scans using the quantitative morphom-
etry method. Semiquantitative gradings were not obtained 
(28). Vertebral height was measured at each evaluable level 
using 6 points in each vertebral body from T7 to L4. The 
automatic vertebral morphometry was reviewed by 2 radio-
graphers with 5 to 10 years of vertebral fracture assessment 
experience, who corrected the marker placement manually 
if needed. Using these 6 points, the software calculated the 
anterior, middle, and posterior heights and their ratios as 
well as the average height of each vertebra. The software 
automatically estimated the extent of anterior or middle 
vertebral height reduction with respect to posterior height, 
classifying the vertebrae as normal (<20% reduction) or 
fractured (wedge, biconcave, or crush), and grading as mild 
(20%-25% reduction), moderate (25%-40% reduction), 
or severe (>40% reduction) fractures according to the cri-
teria of Genant et al (29). A grade of moderate or severe 
was considered evidence of a prevalent vertebral fracture 
for these analyses (30). An incident radiographic vertebral 
fracture was defined as a new or worsening fracture at the 
follow-up visit, based on a change in grade of at least 1 (not 
including a change from grade 0 to 1) between the baseline 
and follow-up visits.

Body composition

Body composition measures were obtained at the baseline 
and follow-up visits. Height and weight were measured by 
study personnel and body mass index (BMI) was derived 
from these measurements. Abdominal visceral adipose 
tissue area (cm2) and subcutaneous adipose tissue area 
(cm2) were obtained by QCT imaging (Sensation; Siemens 
Medical Systems) using a 10-mm cross-section through 
the L4/L5 intervertebral space at 140 kVp, 330 mAs. The 
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visceral adipose tissue compartment was distinguished from 
subcutaneous adipose tissue manually by tracing along the 
fascial plane defining the internal abdominal wall, and the 
adipose areas were calculated using specialized software 
(University of California, San Francisco, CA, USA) (31, 32).  
Total body fat mass (kg), total body lean mass (kg), and ap-
pendicular lean mass (kg) were measured with total body 
DXA (GE Healthcare Lunar iDXA scanner, software ver-
sion 11.4). Appendicular lean mass index was calculated as 
appendicular lean mass/height2 (kg/m2).

Other measurements

At the baseline visit, an interviewer administered a ques-
tionnaire including demographics, smoking habits, and his-
tory of medical conditions. At the baseline and follow-up 
visits, participants were asked to bring in all medications 
and supplements used in the previous 2 weeks, which 
were recorded and coded according to the Anatomical 
Therapeutic Chemical Classification System. Fasting glu-
cose and creatinine were measured in serum obtained at 
the baseline visit. Diabetes was defined by self-report, dia-
betes medication use, and/or fasting glucose ≥ 7  mmol/L 
(126  mg/dL) at the baseline visit. Estimated glomerular 
filtration rate (eGFR) was calculated using the Chronic 
Kidney Disease Epidemiology Collaboration equation (33).

Statistical analyses

Baseline characteristics of participants were summarized 
using means and SD for continuous measures and counts 
and percentages for categorical measures. Annualized ab-
solute change in the outcome measures, including BMD 
and body composition, was determined by subtracting 
the baseline value from the follow-up value, divided by 
the number of years between the baseline and follow-up 
visits. For the changes in QCT outcomes, outliers above or 
below the mean change ± 3 SD were trimmed at the mean 
change ± 3 SD; no more than 7 outliers had to be trimmed 
for any outcome, and trimming achieved normal distribu-
tions. Change in DXA outcomes were normally distributed 
and did not require trimming. Linear regression models 
were used to determine the associations between baseline 
serum FSH and annualized absolute change in bone and 
body composition outcomes for men and women separ-
ately, with results presented as the mean difference and the 
95% CIs in outcomes per sex-specific SD increase in base-
line FSH. Logistic regression models were used to evaluate 
the likelihood of incident vertebral fracture for every SD 
increase in serum FSH separately for men and women. All 
analyses were stratified by sex, and all models included age, 
subgroup (A or B), estradiol, testosterone, diabetes status, 

eGFR, and current smoking status. All covariates were 
assessed at baseline and were selected a priori based on 
known or biologically plausible associations with FSH and 
change in BMD and change in body composition (9, 34-36).  
Two sensitivity analyses were performed for change in 
bone outcomes: (1) with baseline bisphosphonate users ex-
cluded from the models and (2) with further adjustment for 
BMI in the models. All analyses were performed with SAS 
software (version 9.4, SAS Institute Inc., Cary, NC, USA).

Results

Baseline characteristics and follow-up time

A total of 162 women and 158 men were included in 
this analysis (Table 1). Mean  ±  SD age at the AGES-
BMA baseline visit was 80.9  ±  4.2  years in women and 
82.7 ± 4.2 years in men. The mean baseline eGFR for both 
sexes was in the range of stage 2 chronic kidney disease. 
Average time between visits was 3.3 ± 1.5 years for women 
and 2.7 ± 1.5 years for men. Comparing the baseline char-
acteristics of those included in this analysis to those en-
rolled in AGES-BMA but not included in this analysis, 
the only difference was that women in this analysis had 
a higher mean total testosterone level than women not in-
cluded (24.9 ± 15.2 ng/dL vs 21.0 ± 16.9 ng/dL, P = 0.003). 
All other characteristics were similar.

Baseline FSH and changes in bone density

Mean ± SD FSH level was 71.6 ± 21.9 IU/L in women and 
18.9 ± 17.4 IU/L in men.

Women lost trabecular bone mass by vBMD at all 3 
sites: lumbar spine (-1.6  mg/cm3/y, P  <  0.01), total hip 
(-1.8 mg/cm3/y, P < 0.01), and femoral neck (-3.9 mg/cm3/y, 
P < 0.01) (Table 2). There was also a decline in aBMD at 
the total hip (-8.6 mg/cm2/y, P < 0.01) and femoral neck 
(-6.8  mg/cm2/y, P  <  0.01). Similarly, in men, loss of tra-
becular vBMD occurred at all 3 sites (-2.1 mg/cm3/y at the 
spine, -1.2 mg/cm3/y at the total hip, and -3.7 mg/cm3/y at 
the femoral neck; P < 0.01), and loss of areal BMD was 
seen at the total hip (-7.8  mg/cm2/y, P  <  0.01) and fem-
oral neck (-9.0 mg/cm2/y, P < 0.01). Cortical bone meas-
urements were either unchanged or increased in both sexes, 
and there was no change in spine compressive strength nor 
aBMD at the lumbar spine.

Neither women nor men demonstrated statistically sig-
nificant associations between baseline FSH and changes in 
any of the BMD or strength measures, in fully adjusted 
models (Table 3, Fig. 2). Among women, the mean differ-
ence in annualized femoral neck aBMD change (95% CI) 
per SD increase in FSH was 1.3 (-0.7 to 3.3) mg/cm2/y. This 
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indicates that the annual change in femoral neck aBMD 
associated with a difference of 1 SD in FSH was within 
the range of -0.09% to +0.42% of the average baseline 
femoral neck aBMD in women. Results were similar when 
adjusting the model for only age, subgroup, and sex hor-
mones. In a sensitivity analysis excluding the 2 men (1.3%) 
and 12 women (7.4%) on bisphosphonate therapy, findings 
were similar. Likewise, further adjustment for BMI in the 
models did not change the point estimates meaningfully.

Baseline FSH and incident vertebral fractures

Incident radiographic vertebral fractures were observed in 
26 women (16.1%) and 27 men (17.1%). No statistically 
significant association was identified between baseline FSH 

and adjusted odds for incident vertebral fracture per SD 
increase in baseline FSH (odds ratio [OR] in women: 1.40, 
95% CI, 0.87-2.28; OR in men: 0.72, 95% CI, 0.39-1.31).

Baseline FSH and changes in body composition

Women and men had slight declines in weight (-0.3 kg/y 
in women, -0.5 kg/y in men; P < 0.01) and total body lean 
mass (-0.1  kg/y in women, -0.2  kg/y in men; P  <  0.01) 
during the follow-up period (Table 2). In addition, women 
had a very modest mean decrease in total body fat mass 
(-0.2 kg/y, P = 0.02) and men had a decrease in subcuta-
neous fat area (-3.7 cm2/y, P < 0.01).

In neither women nor men were statistically significant 
associations detected between baseline FSH and change in 

Table 1.  Baseline characteristics, stratified by sex

Women (n = 162) Men (n = 158)

Age, y, mean ± SD 80.9 ± 4.2 82.7 ± 4.2
FSH, IU/L, mean ± SD 71.6 ± 21.9 18.9 ± 17.4
Total testosterone, ng/dL, mean ± SD 24.9 ± 15.2 393.9 ± 164.8
Total estradiol, pg/mL, mean ± SD 5.3 ± 4.5 20.0 ± 6.9
Diabetes, n (%) 8 (4.9) 25 (15.8)
Current smoker, n (%) 16 (9.9) 2 (1.3)
eGFR, mL/min/1.73 m2, mean ± SD 65.8 ± 15.1 62.5 ± 15.2
Time between visits, y, mean ± SD 3.3 ± 1.5 2.7 ± 1.5
Bone parameters, mean ± SD   
Lumbar spine BMD   
  Areal BMD, mg/cm2 1067.1 ± 175.6 1253.7 ± 217.3
  Trabecular vBMD, mg/cm3 65.5 ± 29.1 75.9 ± 31.2
  Integral vBMD, mg/cm3 180.3 ± 34.2 194.3 ± 37.6
  Compressive strength index, mg2/cm4 123.7 ± 89.1 204.4 ± 150.6
Total hip BMD   
  Areal BMD, mg/cm2 832.4 ± 119.3 975.0 ± 145.0
  Trabecular vBMD, mg/cm3 50.2 ± 30.1 67.7 ± 34.2
  Integral vBMD, mg/cm3 210.0 ± 36.8 226.6 ± 40.7
  Cortical vBMD, mg/cm3 507.0 ± 35.8 528.0 ± 35.7
Femoral neck BMD   
  Areal BMD, mg/cm2 786.4 ± 105.7 903.0 ± 135.7
  Trabecular vBMD, mg/cm3 27.3 ± 35.2 41.9 ± 40.1
  Integral vBMD, mg/cm3 219.8 ± 38.5 230.5 ± 41.7
  Cortical vBMD, mg/cm3 522.8 ± 41.8 538.4 ± 41.7
Prevalent vertebral fracture, n, % 29 (18.0) 34 (21.5)
Body composition parameters, mean ± SD   
Weight, kg 71.1 ± 12.3 82.4 ± 11.6
BMI, kg/m2 27.5 ± 4.4 26.7 ± 3.3
Visceral fat area, cm2 168.6 ± 68.1 221.9 ± 83.9
Subcutaneous fat area, cm2 295.3 ± 103.7 204.4 ± 68.8
Total body fat mass, kg 29.9 ± 8.7 27.2 ± 7.7
Percent total body fat mass, % 41.4 ± 6.2 32.5 ± 5.4
Total body lean mass, kg 39.0 ± 4.6 52.4 ± 5.7
Percent total body lean mass, % 55.8 ± 6.0 63.9 ± 5.1
Appendicular lean mass index, kg/m2 6.4 ± 0.8 7.4 ± 0.8

Abbreviations: BMD, bone mineral density; BMI, body mass index; eGFR, estimated glomerular filtration rate; vBMD, volumetric bone mineral density. 
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any of the body composition measures (Table 4, Fig. 3).  
Among women, 2 associations approached statistical 
significance. The mean difference in annualized weight 
change (95% CI) for each SD increase in FSH was 0.20 
(-0.01 to 0.42) kg/y (P = 0.07), and the mean difference in 
annualized change in visceral fat area (95% CI) was 1.80 
(-0.03 to 3.62) cm2/y (P = 0.06). Considering the 95% CI, 
results for FSH and weight change in women indicate that 
the annual change associated with a difference 1 SD in FSH 
was within the range of -0.01% to +0.59% of the average 
baseline weight. For visceral fat, the annual change associ-
ated with a SD difference in FSH was within the range of 
-0.02% to +2.15% of the average baseline visceral fat area.

Discussion

We report the first longitudinal analysis of the relationship 
between baseline serum FSH level and changes in body 
composition in older women and men. This is also the first 
longitudinal study to consider the relationship between 

serum FSH, bone loss, and incident vertebral fracture in 
older postmenopausal women. Despite preclinical evidence 
and cross-sectional relationships in this population, we 
found that FSH level at baseline was not statistically sig-
nificantly associated with bone loss or body composition 
changes over 3 years in an older population.

For changes in BMD, we found no statistically signifi-
cant associations with baseline FSH level. Even at the limits 
of the 95% CIs, the differences in BMD change per SD in-
crease in baseline FSH level were small. For example, we 
can exclude an annualized difference in change in total hip 
aBMD per SD increase in FSH in men that is outside the 
bounds of our 95% CI of -2.0 to +1.8 mg/cm2/y. Although 
the lower limit of the 95% CI (-2.0 mg/cm2/y) is compat-
ible with our hypothesis that higher FSH is associated with 
more rapid bone loss, the degree of this increased bone 
loss is very modest. This additional 2.0 mg/cm2/y of bone 
loss corresponds to 0.2% of the baseline total hip aBMD 
of 975 mg/cm2. It would take 25 years to reach a differ-
ence of 5%, the minimum standard for change that can be 

Table 2.  Annualized absolute BMD and body composition change

Women (n = 162) Men (n = 158)

Mean (95% CI) P Mean (95% CI) P

Bone changes     
Lumbar spine BMD     
  Areal BMD, mg/cm2/y -3.8 (-8.7 to 1.1) 0.12 +0.3 (-5.6 to 6.2) 0.92
  Trabecular vBMD, mg/cm3/y -1.6 (-2.3 to -0.8) <0.01 -2.1 (-3.0 to -1.3) <0.01
  Integral vBMD, mg/cm3/y -0.4 (-1.1 to 0.3) 0.22 -0.6 (-1.4 to 0.1) 0.09
  Compressive strength index, mg2/cm4/y -0.8 (-3.3 to 1.7) 0.54 -0.9 (-4.1 to 2.4) 0.60
Total hip BMD     
  Areal BMD, mg/cm2/y -8.6 (-10.3 to -6.9) <0.01 -7.8 (-9.6 to -6.1) <0.01
  Trabecular vBMD, mg/cm3/y -1.8 (-2.2 to -1.5) <0.01 -1.2 (-1.5 to -0.8) <0.01
  Integral vBMD, mg/cm3/y -1.9 (-2.4 to -1.3) <0.01 -1.0 (-1.6 to -0.4) <0.01
  Cortical vBMD, mg/cm3/y -0.2 (-0.8 to 0.5) 0.65 +1.0 (0.2 to 1.8) 0.01
Femoral neck BMD     
  Areal BMD, mg/cm2/y -6.8 (-8.6 to -4.9) <0.01 -9.0 (-11.3 to -6.7) <0.01
  Trabecular vBMD, mg/cm3/y -3.9 (-4.8 to -2.9) <0.01 -3.7 (-4.6 to -2.8) <0.01
  Integral vBMD, mg/cm3/y -0.4 (-1.1 to 0.3) 0.26 +0.1 (-0.7 to 0.8) 0.84
  Cortical vBMD, mg/cm3/y +2.4 (0.9 to 3.9) <0.01 +1.8 (0.2 to 3.4) 0.03
Incident vertebral fracture, n, % 26 (16.1) -- 27 (17.1) --
Body composition changes     
Weight, kg/y -0.3 (-0.5 to -0.1) <0.01 -0.5 (-0.8 to -0.2) <0.01
BMI, kg/m2/y -0.03 (-0.1 to 0.04) 0.40 -0.1 (-0.2 to 0.02) 0.10
Visceral fat area, cm2/y -0.9 (-2.6 to 0.9) 0.33 -0.8 (-4.0 to 2.3) 0.61
Subcutaneous fat area, cm2/y -2.4 (-5.0 to 0.2) 0.07 -3.7 (-6.0 to -1.4) <0.01
Total body fat mass, kg/y -0.2 (-0.4 to -0.03) 0.02 -0.2 (-0.4 to 0.03) 0.09
Percent total body fat mass, %/y -0.1 (-0.3 to 0.04) 0.13 -0.1 (-0.3 to 0.1) 0.47
Total body lean mass, kg/y -0.1 (-0.2 to -0.1) <0.01 -0.2 (-0.4 to -0.1) <0.01
Percent total body lean mass, %/y +0.1 (-0.03 to 0.3) 0.11 +0.1 (-0.1 to 0.3) 0.42
Appendicular lean mass index, kg/m2/y +0.003 (-0.02 to 0.02) 0.78 -0.01 (-0.04 to 0.02) 0.53

P value: test of location (Student t test) that mean change in the continuous variable is equal to 0.
Abbreviations: CI, confidence interval; BMD, bone mineral density; BMI, body mass index; vBMD, volumetric bone mineral density.
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detected by DXA (37). Therefore, we feel confident there 
was not a clinically meaningful relationship between FSH 
and changes in bone outcomes.

For change in weight and visceral fat, our results for 
women approached statistical significance, and the CIs 
for these results cannot exclude possible modest associ-
ations. For example, our best estimate for change in vis-
ceral fat in women corresponded with an average increase 
of 1.80 cm2/y for each SD increase in baseline FSH level, 
whereas the upper limit of our 95% CI corresponded with 
an increase of 3.62  cm2/y. This additional 3.62  cm2 gain 
in visceral fat area is 2.1% of the baseline visceral fat area 
at 168.6 cm2, meaning that it would take 2 to 3 years to 
have an extra 5% gain in visceral fat per SD increase in 
FSH. Although the magnitude of this change may appear 
small, it might be clinically meaningful especially given an 
average annual decrease in visceral fat of -0.9 cm2/y among 
all women in this analysis.

It has been shown previously that baseline FSH levels 
were strongly correlated with the rate of bone loss during the 
menopausal transition, measured by both DXA and bone 
turnover marker levels (6-8, 38-45). The Study of Women’s 
Health Across the Nation (SWAN), in particular, further 
found that the magnitude of change in serum FSH best pre-
dicted the changes in spine and hip BMD transmenopausally 
(8). However, in the 2 to 5 years after the final menstrual 
period, when FSH levels plateau and remain relatively 
stable thereafter (46), SWAN showed that serum FSH was 
no longer associated with rates of lumbar spine or hip bone 
loss (47). In addition, a randomized controlled trial of a 
GnRH agonist to suppress FSH did not show a reduction in 

bone turnover markers after 105 days in postmenopausal 
women in their mid-60s (48). These findings are consistent 
with our observations in this AGES-BMA cohort of older 
postmenopausal women about 30  years out from meno-
pause. First, our previous cross-sectional analysis in AGES-
BMA did demonstrate that FSH was negatively associated 
with bone density and strength in older postmenopausal 
women (24). Now, we find no evidence of longitudinal re-
lationships between higher FSH level and decline in bone 
mass and strength. We thus postulate that the signal we 
observed in the cross-sectional analysis reflected what had 
happened decades ago during the menopausal transition, 
when FSH changed rapidly. We further hypothesize that 
the effects of FSH on bone are attenuated in older age be-
cause of more stable FSH levels, likely resulting in FSH 
receptor down-regulation. In men, for whom there is not 
a prominent physiologic shift in FSH level as there is for 
women, the stability of FSH level may also explain why we 
found no association between FSH and bone either cross-
sectionally or longitudinally.

FSH has not been found to be associated with BMD in 
younger men. A recent study of the effect of elevated FSH 
in infertile men with spermatogenic failure found that there 
were no differences in BMD compared with age-matched 
healthy men both at baseline and at follow-up 15  years 
later (10). A  randomized trial showed that suppressing 
FSH with GnRH agonists and testosterone replacement 
in young eugonadal men did not change the bone turn-
over markers compared with placebo (11). Although a 
case-control study of middle-aged men described a nega-
tive association between FSH and BMD at the lumbar 

Table 3.  Adjusted mean difference in change in BMD per SD increase in baseline FSH

Women (n = 162) Men (n = 158)

Difference (95% CI) P Difference (95% CI) P

Lumbar spine BMD     
  Areal BMD, mg/cm2/y 0.8 (-4.4 to 5.9) 0.77 -2.0 (-8.2 to 4.3) 0.54
  Trabecular vBMD, mg/cm3/y 0.1 (-0.8 to 0.9) 0.85 -0.7 (-1.6 to 0.2) 0.14
  Integral vBMD, mg/cm3/y 0.4 (-0.3 to 1.1) 0.22 -0.3 (-1.1 to 0.5) 0.49
  Compressive strength index, mg2/cm4/y -0.5 (-3.2 to 2.1) 0.70 -1.3 (-4.9 to 2.3) 0.47
Total hip BMD     
  Areal BMD, mg/cm2/y 0.6 (-1.3 to 2.4) 0.55 -0.1 (-2.0 to 1.8) 0.93
  Trabecular vBMD, mg/cm3/y -0.2 (-0.5 to 0.2) 0.35 0.1 (-0.3 to 0.5) 0.64
  Integral vBMD, mg/cm3/y -0.2 (-0.7 to 0.3) 0.45 -0.2 (-0.8 to 0.5) 0.63
  Cortical vBMD, mg/cm3/y -0.5 (-1.1 to 0.2) 0.18 -0.2 (-1.0 to 0.6) 0.64
Femoral neck BMD     
  Areal BMD, mg/cm2/y 1.3 (-0.7 to 3.3) 0.20 -0.2 (-2.6 to 2.2) 0.84
  Trabecular vBMD, mg/cm3/y -0.6 (-1.5 to 0.4) 0.24 -0.1 (-1.0 to 0.9) 0.91
  Integral vBMD, mg/cm3/y 0.04 (-0.6 to 0.7) 0.90 0.1 (-0.7 to 0.9) 0.77
  Cortical vBMD, mg/cm3/y -0.6 (-2.1 to 0.8) 0.40 -0.8 (-2.5 to 0.9) 0.37

P value: linear regression for FSH coefficient equal to 0 (no effect). Model adjusted for age, subgroup (A or B), estradiol, testosterone, diabetes, eGFR, smoking. 
Abbreviations: BMD, bone mineral density; eGFR, estimated glomerular filtration rate; vBMD, volumetric bone mineral density.
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spine and femoral neck (49), the study did not adjust for 
testosterone level. The only other longitudinal study to 
examine the relationship between sex hormones and bone 
loss in older men is the Concord Health and Aging in 
Men Project (CHAMP) in Australia, which reported that 
serum FSH levels were negatively associated with total hip 
BMD changes (50, 51). CHAMP analyses included 901 
men followed for 5 years. To explore whether the differ-
ences between their findings and our findings were due 
to the greater power in the CHAMP study, we compared 

the reported associations. The estimated loss of total hip 
BMD per year in the CHAMP cohort for each 1 SD (15 
IU/L) increase in baseline FSH was -15.4  mg/cm2/y. Our 
lower limit for change in total hip aBMD for men per SD 
(17 IU/L) increase in baseline FSH level was just -2.0 mg/
cm2/y. Thus, the association identified by CHAMP was 
much stronger than associations within the likely range for 
our cohort. The reason for these contrasting results is not 
clear. A potential explanation is that CHAMP did not ad-
just for estrogen or testosterone in its multivariate model. 

Figure 2.  Adjusted annualized absolute change in BMD as a function of baseline FSH. Linear regression graphs adjusted for age, subgroup, estradiol, 
testosterone, diabetes, eGFR, and smoking, representing the association between baseline FSH and annualized absolute change in (A, G) lumbar 
spine aBMD, (B, H) spine trabecular vBMD, (C, I) spine compressive strength index, (D, J) femoral neck aBMD, (E, K) femoral neck trabecular vBMD, 
and (F, L) femoral neck cortical vBMD in women and men, respectively. The 95% CI is shaded in light blue. aBMD, areal bone mineral density; BMD, 
bone mineral density; eGFR, estimated glomerular filtration rate; vBMD, volumetric bone mineral density.
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However, CHAMP reported only weak correlations be-
tween testosterone or estradiol and bone loss (50). Another 
difference between studies is that we excluded participants 
who took glucocorticoids or medications known to af-
fect the hypothalamic-pituitary-gonadal axis, whereas 
the CHAMP study did not. Finally, our study measured 
changes in bone by QCT as well as DXA, and our results 
were similar across these 2 methods.

The incidence of radiographic vertebral fracture in our 
AGES-BMA cohort was not statistically different across 
baseline FSH levels in either men or women. Our power 
was more limited for this outcome, and our results are 
also compatible with a modest increase in vertebral frac-
ture risk, particularly in women. In women, the SWAN 
study evaluated the relationship between sex hormones 
and self-reported incident fracture risk over the meno-
pausal transition and reported that higher FSH was not 
correlated with fractures (relative risk  = 1.06; 95% CI, 
0.95-1.17) (52). Similarly, in men, the CHAMP study did 
not show a significant adjusted association between higher 
FSH and any clinical fractures (hazard ratio = 1.08; 95% 
CI, 0.93-1.22) (50).

Prospective cohort studies have observed shifts in body 
composition in women going through the menopause tran-
sition, specifically accelerated gains in fat mass and losses 
of lean mass (53-57). Longitudinal data from the SWAN 
Michigan subcohort found that over 6  years across the 
menopause transition, increasing levels of FSH were asso-
ciated with increasing fat mass and waist circumference, 
even after adjusting for baseline measures and age (15). The 
direction of the SWAN Michigan findings was consistent 
with FSH’s effects on body fat regulation that have been 
described in rodent models (3, 4). We now report the first 
longitudinal analysis of the relationship between a base-
line FSH level and subsequent change in body composition 
in older postmenopausal women, in whom FSH levels are 

generally high but stable. In our AGES-BMA population, 
there was an overall clinically small loss of weight, total 
body fat mass (driven by the loss of subcutaneous fat area), 
and total body lean mass. These findings are consistent with 
the observation that body weight decreases after the age of 
60 years primarily because of loss of lean mass, whereas 
there is a preferential increase in visceral fat and a decrease 
in subcutaneous fat (58, 59). FSH has been implicated to 
play a role in not only fat accumulation, but also fat mass 
redistribution in animal models, in that visceral adipocyte 
cell size is affected to a greater extent than subcutaneous 
adipocyte cell size (4). In our human cohort, we showed 
no evidence of an association between FSH and these body 
composition changes. Interestingly, though, our previ-
ously published cross-sectional analysis of the same cohort 
showed an inverse relationship between FSH and body fat 
(24), similar to what was seen perimenopausally in other 
studies (60-62). Given that direction of causality cannot 
be determined with a cross-sectional design, a possible ex-
planation is that the greater fat mass caused the lower FSH 
level, via feedback inhibition from greater estrogen produc-
tion from aromatization in fat tissue.

We hypothesized that FSH would be associated with 
changes in body composition in older men. A recent ran-
domized clinical trial investigated the metabolic conse-
quences of GnRH agonists, which suppress FSH secretion, 
vs orchiectomy, which leads to increased FSH, in men 
with advanced prostate cancer. The study found that those 
who underwent orchiectomy had greater increases in 
body weight, total fat mass, and subcutaneous adiposity, 
with a trend toward higher visceral fat (63). However, 
as in our longitudinal results in older women, we found 
that baseline FSH did not predict changes in body com-
position in this population. Our finding is consistent with 
previous cross-sectional observational studies in men re-
gardless of age, showing no correlation between FSH and 

Table 4.  Adjusted mean difference in change in body composition per SD increase in FSH

Women (n = 162) Men (n = 158)

Difference (95% CI) P Difference (95% CI) P

Weight, kg/y 0.20 (-0.01 to 0.42) 0.07 0.04 (-0.29 to 0.36) 0.82
BMI, kg/m2/y 0.07 (-0.02 to 0.15) 0.13 0.01 (-0.09 to 0.12) 0.78
Visceral fat area, cm2/y 1.80 (-0.03 to 3.62) 0.06 -0.33 (-3.73 to 3.06) 0.85
Subcutaneous fat area, cm2/y 0.71 (-2.11 to 3.53) 0.62 -0.59 (-2.97 to 1.80) 0.63
Total body fat mass, kg/y 0.15 (-0.04 to 0.33) 0.12 0.06 (-0.18 to 0.30) 0.64
Percent total body fat mass, %/y 0.08 (-0.10 to 0.26) 0.38 0.05 (-0.14 to 0.25) 0.59
Total body lean mass, kg/y 0.04 (-0.06 to 0.14) 0.45 -0.05 (-0.21 to 0.11) 0.56
Percent total body lean mass, %/y -0.08 (-0.25 to 0.10) 0.40 -0.06 (-0.25 to 0.13) 0.56
Appendicular lean mass index, kg/m2/y 0.001 (-0.02 to 0.02) 0.94 -0.004 (-0.03 to 0.03) 0.81

P value: linear regression for FSH coefficient equal to zero (no effect). Model adjusted for age, subgroup (A or B), estradiol, testosterone, diabetes, eGFR, smoking. 
Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate.
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BMI (64-67). This supports our new explanatory model 
that the effects of FSH are most prominent and clinically 
apparent during times of marked alterations, such as the 
menopausal transition.

We excluded 1 female participant from this longitudinal 
analysis based on her markedly elevated FSH level that was 
4.9 SD above the mean (FSH level, 180.0 IU/L). This par-
ticipant also had substantial decreases in BMD outcomes 
and increases in body composition measures over 1.8 years 
of follow-up. She experienced a decrease in total hip aBMD 
of 4.4%/y and in femoral neck aBMD of 5.1%/y and had 

an increase in weight of 3.2 kg/y and percent total body fat 
mass of 3.7%/y. This participant had no reported signifi-
cant comorbidities, except for mild cognitive impairment, 
and was not on any medication known to affect these out-
comes. She had a prevalent vertebral fracture at the base-
line visit. Her notably high FSH level could represent 
measurement error or it may represent a biologic anomaly. 
It is, therefore, interesting that this participant with an ab-
normally high level of FSH happened to experience a large 
magnitude of change in BMD and body composition out-
comes in concordance with our hypotheses. In addition to 

Figure 3.  Adjusted annualized absolute change in body composition as a function of baseline FSH. Linear regression graphs adjusted for age, sub-
group, estradiol, testosterone, diabetes, eGFR, and smoking, representing the association between baseline FSH and annualized absolute change in 
(A, G) weight, (B, H) BMI, (C, I) visceral fat area, (D, J) subcutaneous fat area, (E, K) percent total body fat mass, and (F, L) percent total body lean mass 
in women and men, respectively. The 95% CI is shaded in light blue. BMI, body mass index; eGFR, estimated glomerular filtration rate.
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requiring a dynamic shift in FSH, there may be a threshold 
level above which an effect on bone and fat mass may be 
observed.

A major strength of our study is the longitudinal de-
sign with a large cohort of community-dwelling older 
adults in whom bone health and body composition are 
well characterized, enabling us to examine the temporal 
relationships between reproductive hormones and change 
in bone and fat stratified by sex. Our cohort is sufficiently 
large based on our power calculation. For bone outcomes, 
we had measurements using 2 different methods, DXA 
and QCT. We were able to account for various potential 
confounders, most importantly sex steroid levels. One limi-
tation is that approximately one-third of participants were 
lost to follow-up from baseline without repeat imaging. 
Of those who did not follow up, one-third died whereas 
the rest lost contact, or declined or were unable to par-
ticipate. Dropouts in older adult populations are expected 
because of the high frailty and mortality rate leading to 
inability to follow-up. Although the baseline characteris-
tics of those who returned for follow-up and those who 
did not were similar in our study, the high proportion of 
dropout has a potential biasing effect of preferentially 
selecting healthier individuals and, therefore, may under-
estimate bone and fat loss and incident vertebral fractures. 
The relatively short follow-up duration and the difference 
in follow-up between the 2 subcohorts were also limita-
tions. However, we addressed the latter by normalizing the 
outcomes into annualized changes; this assumes that the 
rate of BMD loss is relatively stable in older adults, an as-
sumption we think is reasonable over the follow-up period 
in this study. Unmeasured and residual confounding is al-
ways a concern in observational studies. In addition, our 
study was conducted in a population that is predominantly 
white, and thus the results may not be generalizable to all 
other groups.

In conclusion, we observed no evidence of longitudinal 
relationships between baseline FSH and subsequent changes 
in bone mass and body composition after approximately 
3 years in community-dwelling, predominantly white, older 
postmenopausal women and older men. Likewise, we also 
did not find evidence that FSH predicts incident vertebral 
fractures in this population. These findings suggest that the 
effects of FSH on bone and fat previously reported in preclin-
ical and clinical studies seem to dampen in a more aged popu-
lation, at a stage of life with relatively high but stable serum 
FSH levels. More longitudinal clinical studies with longer 
follow-up and more diverse populations are needed to fur-
ther characterize the effect of FSH on bone health and fat me-
tabolism and its interaction with other hormones in the older 
population. Adequately powered studies are needed to assess 
whether FSH levels influence fracture risk in older adults.

Acknowledgements
Funding: This study was funded by the National Institute on 

Aging (NIA, U19AG060917) and the National Institute of Arth-
ritis and Musculoskeletal and Skin Diseases (R01AR057819, 
R01AR065645, P30AR075055). The AGES-Reykjavik Study is 
supported by funding from the NIA (N01AG12100), the NIA 
Intramural Research program, Hjartavernd (the Icelandic Heart 
Association), and the Althingi (Icelandic Parliament). K.C.W.  has 
received support from the Department of Veterans Affairs and the 
National Institute of Diabetes and Digestive and Kidney Diseases 
(T32DK00741837) and T.Y.K. is supported by a VA Career Devel-
opment Award (1IK2CX001984).

Additional Information
Correspondence: Karin C. Wu, MD, 1700 Owens St., RM 349, 

San Francisco, CA 94158, USA. Email: karin.wu@ucsf.edu.
Disclosures: The authors have nothing to disclose.
Data Availability: Restrictions apply to the availability of some or 

all data generated or analyzed during this study to preserve patient 
confidentiality or because they were used under license. The corres-
ponding author will on request detail the restrictions and any condi-
tions under which access to some data may be provided.

References
	1.	 Sun L, Peng Y, Sharrow AC, et al. FSH directly regulates bone 

mass. Cell. 2006;125(2):247-260.
	2.	 Colaianni G, Cuscito C, Colucci S. FSH and TSH in the regu-

lation of bone mass: the pituitary/immune/bone axis. Clin Dev 
Immunol. 2013;2013:382698.

	3.	 Liu P, Ji Y, Yuen T, et  al. Blocking FSH induces thermogenic 
adipose tissue and reduces body fat. Nature. 2017;546(7656): 
107-112.

	4.	 Liu XM, Chan HC, Ding GL, et al. FSH regulates fat accumula-
tion and redistribution in aging through the Gαi/Ca(2+)/CREB 
pathway. Aging Cell. 2015;14(3):409-420.

	5.	 Randolph  JF Jr, Sowers M, Gold EB, et  al. Reproductive hor-
mones in the early menopausal transition: relationship to ethni-
city, body size, and menopausal status. J Clin Endocrinol Metab. 
2003;88(4):1516-1522.

	6.	 Sowers MR, Finkelstein JS, Ettinger B, et al.; Study of Women’s 
Health Across the Nation. The association of endogenous hor-
mone concentrations and bone mineral density measures in 
pre- and perimenopausal women of four ethnic groups: SWAN. 
Osteoporos Int. 2003;14(1):44-52.

	7.	 Sowers  MR, Greendale  GA, Bondarenko  I, et  al. Endogenous 
hormones and bone turnover markers in pre- and perimeno-
pausal women: SWAN. Osteoporos Int. 2003;14(3):191-197.

	8.	 Sowers MR, Jannausch M, McConnell D, et al. Hormone pre-
dictors of bone mineral density changes during the menopausal 
transition. J Clin Endocrinol Metab. 2006;91(4):1261-1267.

	9.	 Araujo AB, Wittert GA. Endocrinology of the aging male. Best 
Pract Res Clin Endocrinol Metab. 2011;25(2):303-319.

	10.	Antonio  L, Priskorn  L, Olesen  IA, Petersen  JH, 
Vanderschueren D, Jørgensen N. High serum FSH is not a risk 
factor for low bone mineral density in infertile men. Bone. 
2020;136:115366.

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/106/10/2876/6312927 by Bibliotheek Instituut M
oleculaire Plantkunde user on 09 July 2024

mailto:karin.wu@ucsf.edu?subject=


2888 � The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. 106, No. 10

	11.	Uihlein  AV, Finkelstein  JS, Lee  H, Leder  BZ. FSH suppres-
sion does not affect bone turnover in eugonadal men. J Clin 
Endocrinol Metab. 2014;99(7):2510-2515.

	12.	Abdulnour J, Doucet E, Brochu M, et al. The effect of the meno-
pausal transition on body composition and cardiometabolic risk 
factors: a Montreal-Ottawa New Emerging Team group study. 
Menopause. 2012;19(7):760-767.

	13.	Poehlman ET, Toth MJ, Gardner AW. Changes in energy balance 
and body composition at menopause: a controlled longitudinal 
study. Ann Intern Med. 1995;123(9):673-675.

	14.	Toth  MJ, Tchernof  A, Sites  CK, Poehlman  ET. Menopause-
related changes in body fat distribution. Ann N Y Acad Sci. 
2000;904:502-506.

	15.	Sowers M, Zheng H, Tomey K, et al. Changes in body compos-
ition in women over six years at midlife: ovarian and chrono-
logical aging. J Clin Endocrinol Metab. 2007;92(3):895-901.

	16.	Robinson  LJ, Tourkova  I, Wang  Y, et  al. FSH-receptor 
isoforms and FSH-dependent gene transcription in human 
monocytes and osteoclasts. Biochem Biophys Res Commun. 
2010;394(1):12-17.

	17.	Sun L, Zhang Z, Zhu LL, et al. Further evidence for direct pro-
resorptive actions of FSH. Biochem Biophys Res Commun. 
2010;394(1):6-11.

	18.	Wang J, Zhang W, Yu C, et al. Follicle-stimulating hormone in-
creases the risk of postmenopausal osteoporosis by stimulating 
osteoclast differentiation. Plos One. 2015;10(8):e0134986.

	19.	 Ji  Y, Liu  P, Yuen  T, et  al. Epitope-specific monoclonal anti-
bodies to FSHβ increase bone mass. Proc Natl Acad Sci U S A. 
2018;115(9):2192-2197.

	20.	Liu  S, Cheng  Y, Xu  W, Bian  Z. Protective effects of 
follicle-stimulating hormone inhibitor on alveolar bone loss re-
sulting from experimental periapical lesions in ovariectomized 
rats. J Endod. 2010;36(4):658-663.

	21.	Zhu  LL, Blair  H, Cao  J, et  al. Blocking antibody to the 
β-subunit of FSH prevents bone loss by inhibiting bone resorp-
tion and stimulating bone synthesis. Proc Natl Acad Sci U S A. 
2012;109(36):14574-14579.

	22.	Gao  J, Tiwari-Pandey  R, Samadfam  R, et  al. Altered ovarian 
function affects skeletal homeostasis independent of the 
action of follicle-stimulating hormone. Endocrinology. 
2007;148(6):2613-2621.

	23.	Allan CM, Kalak R, Dunstan CR, et al. Follicle-stimulating hor-
mone increases bone mass in female mice. Proc Natl Acad Sci U 
S A. 2010;107(52):22629-22634.

	24.	Veldhuis-Vlug AG, Woods GN, Sigurdsson S, et al. Serum FSH 
is associated with BMD, bone marrow adiposity, and body com-
position in the AGES-Reykjavik Study of Older Adults. J Clin 
Endocrinol Metab. 2021;106(3):e1156-e1169.

	25.	Harris  TB, Launer  LJ, Eiriksdottir  G, et  al. Age, Gene/
Environment Susceptibility-Reykjavik Study: multidisciplinary 
applied phenomics. Am J Epidemiol. 2007;165(9):1076-1087.

	26.	Sigurdsson G, Aspelund T, Chang M, et al. Increasing sex dif-
ference in bone strength in old age: the Age, Gene/Environment 
Susceptibility-Reykjavik study (AGES-REYKJAVIK). Bone. 
2006;39(3):644-651.

	27.	Lang T, LeBlanc A, Evans H, Lu Y, Genant H, Yu A. Cortical 
and trabecular bone mineral loss from the spine and hip in long-
duration spaceflight. J Bone Miner Res. 2004;19(6):1006-1012.

	28.	Lentle  B, Koromani  F, Brown  JP, et  al.; Vertebral Fracture 
Research Groups of the CaMos, STOPP, and Rotterdam Studies. 
The radiology of osteoporotic vertebral fractures revisited. J 
Bone Miner Res. 2019;34(3):409-418.

	29.	Genant HK, Wu CY, van Kuijk C, Nevitt MC. Vertebral fracture 
assessment using a semiquantitative technique. J Bone Miner 
Res. 1993;8(9):1137-1148.

	30.	Black  DM, Arden  NK, Palermo  L, Pearson  J, Cummings  SR. 
Prevalent vertebral deformities predict hip fractures and 
new vertebral deformities but not wrist fractures. Study of 
Osteoporotic Fractures Research Group. J Bone Miner Res. 
1999;14(5):821-828.

	31.	Koster A, Murphy RA, Eiriksdottir G, et al. Fat distribution and 
mortality: the AGES-Reykjavik Study. Obesity (Silver Spring). 
2015;23(4):893-897.

	32.	Murphy  RA, Register  TC, Shively  CA, et  al. Adipose tissue 
density, a novel biomarker predicting mortality risk in older 
adults. J Gerontol A Biol Sci Med Sci. 2014;69(1):109-117.

	33.	Levey  AS, Stevens  LA, Schmid  CH, et  al.; CKD-EPI (Chronic 
Kidney Disease Epidemiology Collaboration). A new equa-
tion to estimate glomerular filtration rate. Ann Intern Med. 
2009;150(9):604-612.

	34.	Almeida M, Laurent MR, Dubois V, et al. Estrogens and andro-
gens in skeletal physiology and pathophysiology. Physiol Rev. 
2017;97(1):135-187.

	35.	Goltzman  D. The aging skeleton. Adv Exp Med Biol. 
2019;1164:153-160.

	36.	Rossmanith  WG. Gonadotropin secretion during aging in 
women: review article. Exp Gerontol. 1995;30(3-4):369-381.

	37.	Shuhart  CR, Yeap  SS, Anderson  PA, et  al. Executive sum-
mary of the 2019 ISCD Position Development Conference 
on Monitoring Treatment, DXA Cross-calibration and Least 
Significant Change, Spinal Cord Injury, Peri-prosthetic and 
Orthopedic Bone Health, Transgender Medicine, and Pediatrics. 
J Clin Densitom. 2019;22(4):453-471.

	38.	Chapurlat  RD, Garnero  P, Sornay-Rendu  E, Arlot  ME, 
Claustrat  B, Delmas  PD. Longitudinal study of bone loss 
in pre- and perimenopausal women: evidence for bone loss 
in perimenopausal women. Osteoporos Int. 2000;11(6): 
493-498.

	39.	Ebeling PR, Atley LM, Guthrie JR, et al. Bone turnover markers 
and bone density across the menopausal transition. J Clin 
Endocrinol Metab. 1996;81(9):3366-3371.

	40.	 Ito M, Nakamura T, Tsurusaki K, Uetani M, Hayashi K. Effects 
of menopause on age-dependent bone loss in the axial and ap-
pendicular skeletons in healthy Japanese women. Osteoporos 
Int. 1999;10(5):377-383.

	41.	Perrone G, Galoppi P, Capri O, Anelli G, Borrello M, Zichella L. 
Lumbar and femoral bone density in perimenopausal 
women with irregular cycles. Int J Fertil Menopausal Stud. 
1995;40(3):120-125.

	42.	Recker  R, Lappe  J, Davies  K, Heaney  R. Characterization of 
perimenopausal bone loss: a prospective study. J Bone Miner 
Res. 2000;15(10):1965-1973.

	43.	Seifert-Klauss V, Link T, Heumann C, et al. Influence of pattern 
of menopausal transition on the amount of trabecular bone loss. 
Results from a 6-year prospective longitudinal study. Maturitas. 
2006;55(4):317-324.

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/106/10/2876/6312927 by Bibliotheek Instituut M
oleculaire Plantkunde user on 09 July 2024



The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. 106, No. 10� 2889

	44.	Seifert-Klauss V, Mueller  JE, Luppa P, et  al. Bone metabolism 
during the perimenopausal transition: a prospective study. 
Maturitas. 2002;41(1):23-33.

	45.	Steinberg  KK, Freni-Titulaer  LW, DePuey  EG, et  al. Sex ster-
oids and bone density in premenopausal and perimenopausal 
women. J Clin Endocrinol Metab. 1989;69(3):533-539.

	46.	Sowers  MR, Zheng  H, McConnell  D, Nan  B, Harlow  S, 
Randolph  JF Jr. Follicle stimulating hormone and its rate 
of change in defining menopause transition stages. J Clin 
Endocrinol Metab. 2008;93(10):3958-3964.

	47.	Crandall  CJ, Tseng  CH, Karlamangla  AS, et  al. Serum sex 
steroid levels and longitudinal changes in bone density in re-
lation to the final menstrual period. J Clin Endocrinol Metab. 
2013;98(4):E654-E663.

	48.	Drake  MT, McCready  LK, Hoey  KA, Atkinson  EJ, Khosla  S. 
Effects of suppression of follicle-stimulating hormone secretion 
on bone resorption markers in postmenopausal women. J Clin 
Endocrinol Metab. 2010;95(11):5063-5068.

	49.	Karim N, MacDonald D, Dolan AL, Fogelman I, Wierzbicki AS, 
Hampson  G. The relationship between gonadotrophins, go-
nadal hormones and bone mass in men. Clin Endocrinol (Oxf). 
2008;68(1):94-101.

	50.	Hsu B, Cumming RG, Seibel MJ, et al. Reproductive hormones 
and longitudinal change in bone mineral density and incident 
fracture risk in older men: the Concord Health and Aging in 
Men Project. J Bone Miner Res. 2015;30(9):1701-1708.

	51.	Hsu  B, Seibel  MJ, Cumming  RG, et  al. Progressive temporal 
change in serum SHBG, but not in serum testosterone or estra-
diol, is associated with bone loss and incident fractures in older 
men: the Concord Health and Ageing in Men Project. J Bone 
Miner Res. 2016;31(12):2115-2122.

	52.	Cauley JA, Ruppert K, Lian Y, et al. Serum sex hormones and 
the risk of fracture across the menopausal transition: Study of 
Women’s Health Across the Nation. J Clin Endocrinol Metab. 
2019;104(6):2412-2418.

	53.	Goss  AM, Darnell  BE, Brown  MA, Oster  RA, Gower  BA. 
Longitudinal associations of the endocrine environment on fat 
partitioning in postmenopausal women. Obesity (Silver Spring). 
2012;20(5):939-944.

	54.	Greendale GA, Sternfeld B, Huang M, et  al. Changes in body 
composition and weight during the menopause transition. JCI 
Insight. 2019;4(5).

	55.	Ho  SC, Wu  S, Chan  SG, Sham  A. Menopausal transi-
tion and changes of body composition: a prospective study 

in Chinese perimenopausal women. Int J Obes (Lond). 
2010;34(8):1265-1274.

	56.	Lee  CG, Carr  MC, Murdoch  SJ, et  al. Adipokines, inflam-
mation, and visceral adiposity across the menopausal 
transition: a prospective study. J Clin Endocrinol Metab. 
2009;94(4):1104-1110.

	57.	Lovejoy  JC, Champagne CM, de  Jonge L, Xie H, Smith  SR. 
Increased visceral fat and decreased energy expenditure 
during the menopausal transition. Int J Obes (Lond). 
2008;32(6):949-958.

	58.	Seidell  JC, Visscher  TL. Body weight and weight change 
and their health implications for the elderly. Eur J Clin Nutr. 
2000;54(Suppl 3):S33-S39.

	59.	Miller SL, Wolfe RR. The danger of weight loss in the elderly. J 
Nutr Health Aging. 2008;12(7):487-491.

	60.	Gavaler  JS, Rosenblum  E. Predictors of postmenopausal 
body mass index and waist hip ratio in the oklahoma 
postmenopausal health disparities study. J Am Coll Nutr. 
2003;22(4):269-276.

	61.	Senapati S, Gracia CR, Freeman EW, et al. Hormone variations 
associated with quantitative fat measures in the menopausal 
transition. Climacteric. 2014;17(2):183-190.

	62.	Simoncig  Netjasov  A, Tančić-Gajić  M, Ivović  M, Marina  L, 
Arizanović Z, Vujović S. Influence of obesity and hormone dis-
turbances on sexuality of women in the menopause. Gynecol 
Endocrinol. 2016;32(9):762-766.

	63.	Østergren  PB, Kistorp  C, Fode  M, Bennedbaek  FN, Faber  J, 
Sønksen  J. Metabolic consequences of gonadotropin-releasing 
hormone agonists vs orchiectomy: a randomized clinical study. 
BJU Int. 2019;123(4):602-611.

	64.	Bieniek  JM, Kashanian  JA, Deibert  CM, et  al. Influence of 
increasing body mass index on semen and reproductive hor-
monal parameters in a multi-institutional cohort of subfertile 
men. Fertil Steril. 2016;106(5):1070-1075.

	65.	Casimirri  F, Pasquali  R, Cantobelli  S, Melchionda  N, 
Barbara  L. [Obesity and adipose tissue distribution in men: 
relation to sex steroids and insulin]. Minerva Endocrinol. 
1991;16(1):31-35.

	66.	Foresta  C, Di  Mambro  A, Pagano  C, Garolla  A, Vettor  R, 
Ferlin A. Insulin-like factor 3 as a marker of testicular function 
in obese men. Clin Endocrinol (Oxf). 2009;71(5):722-726.

	67.	Yamacake KG, Cocuzza M, Torricelli FC, et al. Impact of body 
mass index, age and varicocele on reproductive hormone profile 
from elderly men. Int Braz J Urol. 2016;42(2):365-372.

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/106/10/2876/6312927 by Bibliotheek Instituut M
oleculaire Plantkunde user on 09 July 2024


