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Abstract

Previously, we reported significant bone mineral density (BMD) loss in postmenopausal women
after modest weight loss. It remains unclear whether the magnitude of BMD change in response to
weight loss is appropriate (i.e., proportional to weight loss) and whether BMD is recovered with
weight regain. We now report changes in BMD after a 1-year follow-up. Subjects (7= 23) in this
secondary analysis were postmenopausal women randomized to placebo as part of a larger trial.
They completed a 6-month exercise-based weight loss program and returned for follow-up at 18
months. Dual-energy X-ray absorptiometry (DXA) was performed at baseline, 6, and 18 months.
At baseline, subjects were aged 56.8 + 5.4 years (mean + s.d.), 10.0 £ 9.2 years postmenopausal,
and BMI was 29.6 + 4.0 kg/m2. They lost 3.9 + 3.5 kg during the weight loss intervention. During
follow-up, they regained 2.9 + 3.9 kg. Six months of weight loss resulted in a significant decrease
in lumbar spine (LS) (-1.7 £ 3.5%; P=0.002) and hip (-0.04 + 3.5%; P=0.03) BMD that was
accompanied by an increase in a biomarker of bone resorption (serum C-terminal telopeptide of
type | collagen, CTX: 34 + 54%; P=0.08). However, weight regain was not associated with LS
(0.05 + 3.8%; P=0.15) or hip (-0.6 + 3.0%; £=0.81) bone regain or decreased bone resorption
(CTX: =3 £ 37%; P=0.73). The findings suggest that BMD lost during weight reduction may not
be fully recovered with weight regain in hormone-deficient, postmenopausal women. Future
studies are needed to identify effective strategies to prevent bone loss during periods of weight
loss.

INTRODUCTION

Overweight and obese postmenopausal women are at increased risk for multiple
comorbidities, including cardiovascular disease, diabetes, and musculoskeletal pain. Weight
reduction is commonly recommended to combat these risks. However, weight loss has been
associated with a loss of bone mineral density (BMD) in postmenopausal women (1-3) and
increased risk for osteoporaotic fracture (4,5). The vast majority of women gain back weight
after a period of voluntary weight loss (6) but it is unknown whether this weight regain is
accompanied by recovery of BMD.

In postmenopausal women, both fat-free mass and fat mass are significant determinants of
BMD (7,8). We previously reported significant decreases in BMD following modest
exercise-induced weight loss, even though fat-free mass was fully preserved (1). It remains
unclear whether weight loss-induced bone loss is an appropriate adaptation to reduced
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loading forces, or whether systemic factors related to negative energy balance during weight
loss trigger excess bone loss. If the latter hypothesis is correct, it suggests that weight regain
may not restore BMD.

Previously, we published our findings that sex hormone-deficient women had decreases in
BMD in response to modest weight loss when compared with weight-stable controls (1).
The purpose of this study was to determine whether weight regain restored BMD. Weight-
reduced women from the previous study were followed for an additional 12 months with
reassessment of BMD and body composition by dual-energy X-ray absorptiometry (DXA).
We hypothesized that there would be no significant increase in BMD in response to weight
regain.

METHODS AND PROCEDURES
Study populations

DXA

Inclusion and exclusion criteria for the study population have been previously reported (1).
Briefly, the inclusion criteria for study participants were: postmenopausal women, aged 50—
70 years, no sex hormone therapy or drugs that influence bone metabolism for at least 6
months, no diabetes or cardiovascular disease, normal pap smear and mammogram in the
past 12 months, nonsmokers, and overweight or moderately obese. Screening tests included
a medical history, physical examination, blood chemistries, 12-lead electrocardiogram, and
an exercise stress test. All subjects were confirmed to be euthyroid or on adequate
replacement therapy based on a normal ultrasensitive thyroid stimulating hormone level.
The Colorado Multiple Institutional Review Board approved the study. All volunteers who
underwent screening for the study provided written informed consent to participate.

For the parent study, eligible volunteers were randomized to three treatment arms, which
were administered in a double-blinded manner: placebo, raloxifene, or hormone therapy. To
separate the effects of weight regain from the effects of drug treatment, only those women
assigned to placebo treatment (/7= 38) were included in the present analysis. Participants
who started bisphosphonate therapy (1= 4) during the study were also excluded from the
analysis. For the first 6 months of treatment, subjects participated in a supervised endurance
exercise training program (i.e., treadmill walking/running, rowing, cycling, and/or elliptical
exercise) to induce a weight loss of 4-5 kg (1). After the 6-month weight loss intervention,
women remained on study drug (placebo for women included in this analysis) and were
followed for an additional 12 months. During this time they no longer participated in the
supervised exercise program. Follow-up DXA scans were performed at 18 months. During
the follow-up phase, 15 (39%) participants in the placebo arm were lost to evaluation due to
time commitment(3), personal (5), medical (1), relocation (1), or unknown (5) reasons. The
remaining 23 women included 19 whites, 3 black/African Americans, and 1 American
Indian/Alaska Native.

Participants had DXA scans performed at baseline, 6, and 18 months using either a Lunar
DPX-IQ instrument (Madison, WI) or Hologic Delphi-W instrument (Waltham, MA)
because of a programmatic plan at the institution that phased out the use of the Lunar
instrument. For each individual, the baseline and all follow-up scans were obtained on the
same instrument. Total body, lumbar spine (LS) (Ly-L4), and proximal femur (total hip,
femoral neck, trochanter, subtrochanteric region) scans were performed at each visit. Body
composition outcomes (total mass, fat mass, and fat-free mass) were measured during the
total body scans. Lunar extended research analysis software version 4.7c and Hologic
software version 11.2 were used for both total and central BMD measures.
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Bone turnover markers

Markers of bone formation (bone-specific alkaline phosphatase; Quidel, San Jose, CA) and
resorption (C-terminal telopeptide of type I collagen, CTX; NordicBioscience Diagnostics,
Herlev, Denmark) were determined from fasted morning serum samples acquired at
baseline, 6 months, and 18 months and stored at —80 °C. No exercise was performed for at
least 24 h prior to blood sampling. In our laboratory, the intra-assay coefficients of variation
for bone-specific alkaline phosphatase and CTX are 7.5 £ 7.1% and 6.2 + 4.4%,
respectively, in samples from older women and men. Because the interassay coefficients of
variation are higher (11.5 + 9.5% and 20.5 * 11.3%, respectively), all samples for an
individual were analyzed in batch.

Aerobic power (VO peak)

Aerobic power was directly measured at baseline, 6 months, and 18 months using an
individualized treadmill protocol with open-circuit spirometry (ParvoMedics, Sandy, Utah).
Subjects warmed up to determine a comfortable walking speed that elicited a heart rate of
~60-70% of age predicted maximum. During the test, this speed was maintained but the
treadmill elevation was increased by 2% every 2 min. Heart rate was monitored
continuously using a 12-lead electrocardiogram (Quinton Q4500; Quinton Instruments,
Seattle, WA) and blood pressure was measured during each exercise stage. VOopeak was
attained when subjects met one of the following criteria: (i) heart rate within 10 beats per
minute of age predicted maximum, (ii) respiratory quotient =1.1, or 3) plateau in VO».

Statistical methods

The study was exploratory and used the subset of women who had participated in the weight
loss program, were in the placebo treatment arm, and had 18-month follow-up data
available. The primary objective was to determine the effect of weight change on BMD
during the weight loss period (0-6 months) and the weight regain period (6—18 months). The
effects of weight change on change in BMD over time were evaluated using maximum
likelihood estimates in a repeated measures model to account for within-subject correlation
among the repeated measures. For each BMD site, the change in BMD was regressed on the
baseline value of BMD, the change in weight, time, and weight change-by-time interaction.
The same approach was used to evaluate the effects of weight change and time on bone
markers bone-specific alkaline phosphatase and CTX. Changes in body composition were
regressed on baseline measures of body composition and time.

To further illustrate the effects of weight loss and gain on changes in BMD, we also
compared the subgroups that were above vs. below the median weight change from 0 to 6
months. These are referred to as the HI weight loss subgroup (0—6 month weight change
below the group median; <-4.5 kg) and the LO weight loss subgroup (0-6 month weight
change above the group median; >-4.5 kg). Baseline differences between women who were
lost to follow-up and those who completed testing were compared using unpaired, two-
tailed, £tests for continuous variables and 2 tests for categorical variables.

For all analyses, statistical significance was defined as a <0.05. Data are reported as mean *
s.d. unless otherwise stated. Data were analyzed using SAS version 9.2 (SAS Institute, Cary,
NC).

RESULTS

Subjects (n=23) were aged 56.8 + 5.4 years, 10.0 £ 9.2 years postmenopausal, with a BMI
of 29.6 + 4.0 kg/mZ2. Based on the definition of £score <-1 at LS, total hip, femoral neck, or
trochanter, 39% of subjects had low bone mass or osteoporosis (7= 1) at baseline. There
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were no significant differences in baseline characteristics between subjects included in this
analysis and those lost to follow-up (n7= 15; data not shown).

Weight loss during the 6-month intervention averaged —3.9 + 3.5 kg and consisted entirely
of fat loss (—3.6 = 3.1 kg); there was no change in fat-free mass (Table 1). By 18 months,
subjects had gained back an average of 2.9 £+ 3.9 kg, which was almost entirely fat mass (2.7
+ 3.8 kg). The significant improvement in aerobic power during the exercise intervention
followed by a significant decline in fitness by 18 months suggests that the changes in body
composition were mediated by increases and decreases in energy expenditure, respectively.

Although the 6-month exercise-induced weight loss intervention resulted in a significant
association between weight loss and a decrease in LS and hip BMD, weight regain over the
12-month follow-up period was not associated with significant bone regain in either region
(Table 1). There were no significant changes in other bone regions (trochanter, femoral
neck, or subtrochanter) during either weight loss or regain (Table 1). When participants were
divided into HI and LO weight loss categories based on the median change during the 0- to
6-month intervention, there was a significant decline in BMD in the HI group from 0 to 6
months, but no regain of BMD from 6 to 18 months even though there was a significant
regain of body weight (Figure 1). Interestingly, the LO weight loss group demonstrated a
significant increase in subtrochanteric BMD from 0 to 6 months.

There was an increase in bone resorption from baseline to 6 months, as reflected by the
relative increase in CTX (Table 1), and this was weakly associated with weight loss (P=
0.08). However, this increased resorption did not reverse during follow-up, as CTX
remained unchanged from 6 to 18 months. For bone-specific alkaline phosphatase, a marker
of bone formation, there was a decrease from baseline to 6 months and from 6 to 18 months
(Table 1), which was associated with weight loss (P = 0.004). The secondary analysis
supported the above findings with a relative increase in CTX from 0 to 6 months in the HlI
weight loss group (41 £ 61%, P=0.047), but no change in CTX from 6 to 18 months (-7 +
22%, P=10.36).

Changes in bone mineral content (BMC) and area for all skeletal regions of interest were
also examined (data not shown). There were small but significant increases in trochanter
BMC (0.39 £ 0.77 g) and area (0.54 + 0.82 cm) and decreases in sub-trochanter BMC
(-0.27 £ 0.78 g) and area (-0.48 = 0.50 cm) from month 0 to 6. No other changes in BMC
or area during weight loss or gain were significant.

DISCUSSION

The aim of this study was to gain insights into whether the decrease in BMD in response to
weight loss in postmenopausal women that we and others have observed (1-3) is an
appropriate or inappropriate adaptation to reduced body weight. If it is an appropriate
adaptation, it seems plausible that BMD would be recovered with subsequent weight regain.
Conversely, if bone mineral loss represents an inappropriate adaptation to weight loss, there
may be little, if any, recovery of BMD during weight regain. This was evaluated in the
current study by conducting follow-up evaluations of postmenopausal women who had
participated in an exercise-induced weight loss intervention in our laboratory (1). The major
finding of this follow-up study was that the decreases in LS and hip BMD in response to
modest weight loss were not recovered over the subsequent 12 months, despite the fact that
significant weight regain occurred. In contrast, there were no significant effects of weight
loss or regain on BMD of any subregion in the proximal femur. However, this negative
finding must be interpreted cautiously because the study may not have been adequately
powered to detect changes. In the larger cohort we reported on previously, weight loss
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resulted in significant reductions in total hip and trochanter BMD (1). In fact, the BMD loss
at the total hip (~1.5% over 6 months) in the HI weight loss subgroup was of a magnitude
similar to our prior findings and potentially clinically important.

Because low body weight is a risk factor for osteoporosis (9), it has been suggested that
obesity confers protection against osteoporotic fractures. However, it has been estimated that
the prevalence of low bone mass among obese women and men is 30-40% (10,11). This was
the case in this study, in which the majority of women were overweight or obese before the
weight loss intervention, yet nearly 40% had low BMD (#score <-1). Such observations
raise the question of whether low bone mass in overweight and obese adults is due, in part,
to repeated weight loss attempts that generate bone loss that is not recovered with weight
regain. In support of this, Bacon ef a/. (10). demonstrated that chronic dieting behavior was a
significant predictor of low BMD in obese premenopausal women, and Fogelholm et a/.
(12). reported that LS and distal radius BMD were lower in women with a history of weight
cycling (e.g., repeated weight loss/gain cycles) when compared with non-weight cyclers. In
a prospective cohort study of peri- and post-menopausal women, weight loss over 11 years
of follow-up was associated with a decline in wrist BMD, but the converse was not true for
weight gain (13). Weight loss resulting from either diet or exercise has been found to
increase markers of bone remodeling (14-16) and decrease BMD in many (1-3,16-20), but
not all (14,21,22), studies. Because weight loss is generally thought to confer multiple health
benefits, it is important to understand the mechanisms by which bone loss occurs and
whether such loss increases risk for osteoporotic fractures.

Determining whether weight regain is accompanied by BMD regain is one way to examine
whether weight loss-induced BMD loss is appropriate or inappropriate. An intervention
study of obese, premenopausal women examined changes in bone during 3 months of a very
low calorie diet (~14% weight loss) and 33 months of follow-up (~62% weight regain (19)).
The significant weight loss-induced decrease in LS BMD was not recovered by the end of
the follow-up period, even in the 25% of subjects who regained all the weight lost (19).
However, weight regain did result in a significant restoration of trochanter BMD (19). The
results of the current study were consistent with these findings, in that the decline in LS
BMD during the 6-month weight loss intervention was not restored by nearly complete
weight regain over 12 months of follow-up. However, the patterns observed at the trochanter
differed between the two studies, because we did not find a significant decrease in BMD
after weight loss. In our previous study (1), which included a larger cohort, weight loss did
induce a significant decrease in trochanter BMD.

Weight loss was generated through exercise training in the current study, which is typically
thought to have beneficial skeletal effects. Indeed, BMD in hip regions tended to increase in
the women in the LO weight loss subgroup in response to the intervention (Figure 1a).
However, it was not clear why only the increase at the subtrochanteric region was
significant. Because the goal of the intervention was to generate weight loss, the exercise
program was not specifically designed to be bone-loading. Rather, participants were allowed
to perform their preferred mode and intensity of exercise to encourage compliance. It is
possible that weight loss-induced decreases in BMD could have been prevented or
minimized if the exercise program had focused on bone-loading activities (23). Villareal and
colleagues (24) found that BMD was maintained during exercise-induced weight loss but
not diet-induced weight loss, although it could not be determined whether this was
attributable to the type of exercise. Their study population included women on hormone
therapy and men, and it remains unclear whether weight loss-induced bone loss is attenuated
in postmenopausal women by estrogen-based hormone therapy (25).
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Weight regain in this study may have resulted, in part, from a decrease in physical activity
after the supervised exercise program ended. Thus, it is possible that a decrease in exercise
counteracted a positive effect of weight regain on BMD. However, an incomplete restoration
of BMD with weight regain has been observed by others (2,3). Postmenopausal women who
underwent 6 months of diet-induced weight loss followed by 6 months of complete weight
regain had a larger decrease in LS BMD at the end of the study than weight-stable controls
(—4.8% vs. —2.5%); a similar effect was not observed at the femoral neck (-2.5% vs. -2.1%
(2)). Premenopausal women randomized to a 4.5-year lifestyle intervention to prevent
menopausal weight gain had larger decreases in hip BMD (-0.20%/year) than women
randomized to a control group (—0.03%/year (3)). Importantly, among women in that study
who were postmenopausal and not on hormone therapy after another 2 years of follow-up,
the annualized change in hip BMD was —1.1% in those who lost weight (<—3%), but —0.8%
and —0.7% in those who maintained or gained weight (=3%), respectively (3). Similar
differences were observed for other regions of the proximal femur, but not the LS. Thus,
although there are inconsistencies regarding which skeletal regions are affected, there is
growing evidence for a detrimental effect of weight loss on BMD in postmenopausal women
and concerns that weight gain does not reverse this process.

The failure to recover BMD despite a recovery of weight suggests that factors other than
weight change per se exaggerate the decline in BMD during weight loss. For example,
disruptions in calcium absorption during weight loss and fluctuating levels of cortisol,
insulin-like growth factor-1 (IGF-1), cytokines, and leptin may contribute to increased bone
mobilization and BMD loss (25). When weight loss is induced through energy restriction, it
is possible that reduced availability of certain nutrients contributes to bone loss. Increased
calcium supplementation during diet-induced weight loss was found to attenuate bone loss
in premenopausal women (15), but the same strategy was not effective in postmenopausal
women (15). Although data on calcium intake were not available in the present study, it is
unlikely that changes in calcium intake contributed to the findings because weight loss was
generated through exercise rather than food restriction. It was recently demonstrated that a
high-protein intake during diet-induced weight loss attenuated the decreases in BMD at the
LS, total hip and distal radius when compared with a normal protein intake (26). It is not
known whether a high-protein diet could also attenuate bone loss in response to exercise-
induced weight loss. Further research is needed to better understand the potential mediators
of bone loss during weight loss.

It has been suggested that changes in the thickness of soft tissue over- and underlying bone,
as occur with weight change, result in BMD measurement error (27,28). Theoretically, a
decrease in soft tissue thickness could diminish the degree of x-ray attenuation by soft tissue
during a DXA scan and be reflected as reduced BMC. This could also lead to improved edge
detection, resulting in increased area. Based on this theoretical argument, decreases in BMD
in response to weight loss may be the result of measurement error in BMC (decreased) and/
or area (increased); opposing errors could occur with weight regain. Two lines of evidence
argue against the possibility that the observed changes in BMD reflected measurement error
associated with changes in soft tissue thickness: (i) the decreases in BMD in response to
weight loss did not reverse with weight regain; and (ii) the theoretical changes in BMC and
area did not occur.

It must be acknowledged that the current study was exploratory and not designed or
powered a priorito evaluate the effects of weight change on BMD change. Limitations
included a small sample size and the absence of a randomly assigned weight-stable group.
Because our subjects were 10 years postmenopausal on average, they would be expected to
lose ~0.5-1.5% of BMD over a 12-month period (3,29,30). Thus, the stability in BMD
during the period of weight regain may reflect some degree of benefit. It is also possible that
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full recovery of BMD after weight loss takes longer than 1 year. Additional limitations of
the present study included the lack of data for calcium and vitamin D intake and measures of
physical activity during the period of weight loss and regain. Weight loss-associated changes
in BMD might have been influenced by changes in calcium and vitamin D intake. In
addition, the response of BMD to weight regain may have been influenced by changes in
calcium and vitamin D intake and physical activity.

Further research is needed to identify the underlying mechanisms of weight-loss induced
bone loss so that effective strategies can be designed to preserve BMD during weight loss.
Because of the multiple purported health benefits of weight loss in overweight and obese
adults, it is important to determine whether sustained weight loss has a negative effect on
bone strength and fracture risk. Finally, if adults are likely to regain body weight but not
BMD after weight loss attempts, focusing on weight maintenance and fitness rather than
weight reduction may be a more successful strategy for optimizing both bone and metabolic
health. This strategy may be particularly true for postmenopausal women because of the
increased risk for osteoporosis.
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Relative changes in body weight and bone mineral density (BMD) (a) during the weight loss
intervention (0 to 6 months) and (b) during follow-up (6 to 18 months); black bars represent
cases below the median weight change from 0 to 6 months (HI weight loss subjects; 7= 12)
and gray bars represent cases above the median weight change from 0 to 6 months (LO
weight loss subjects; 7= 11). *£ < 0.05 using a two-group £test.

Obesity (Silver Spring). Author manuscript; available in PMC 2013 September 03.



Page 11

Villalon et al.

NIH-PA Author Manuscript

€00  ¥ZFYI- LT 100 YeF9T 02 SvF0ee T (uw/Bx/w)ead?On
Jamod 21008y

8'92 ¥ 00T 02ZF L0~ abueyd %

2ro TLFSZ 02 ¥000 L9FZI- T2 GS8F96C 1C (In) dva

6'9EF e~ TYSFTVE abueyd %

€0 C¢0F900- 0z 800 ¢Z0¥CI0 1z ¥0F90 12 (1w/Bu) X190
Siaylew suog

TEFTT- LEFVT abueyd %

€90 ¥0O0FTO0- € 800 Y0O0FC00 € ETOFTT €2 J3)ueyO0ANS

6EFED SYFT0- abueyd %

L90 €00F000 € IO €00¥000- € 600FL0 €2 J8jUBY20I L

9V FG0- rEFOT- abueyd %

660 ¥0O0FT00- € 890 €00FT00- € OT0OF60 €2 08U [elowad

0€EF90- SEF V00~ abueyd %

780 €00FT00- € €00 €00F000 € OTO¥60 €2 diH

8€FS00 GEFLI- abueyd %

ST'0  v00F000 €2 2000 V¥O0¥200- € STOFTT € auids fequin_
(zwo/6) awa

Sy FGE0 6'CF6€0- abueyd %

950 0CF¥C¢0 € ¥50 TT¥TZ0- € GS¥THr € SSew 9a.)-je4

SYTFE0T 00T F¥'TI- abueyd %

T000 8€¥LT € T000> TEFQE- € LLFOVE € ssew jed4

GGFOY LY FTG- abueyd 9%

7000 6€¥6Z € 1T000> GEF6€~ € LTIFL8. €2 ssew Apog
(63) uonisodwoa Apog

d ‘PSFUBIN N d ‘PSFUBIN N  PSFUEBSN N
syuow 87—9 syjuow 9—0 San|eA auljaseq

(90) Sabueyd aAlre[al pue 8Injosqy

(syauow 8T —9) pouiad dn-mojjo) 3yl pue (Syuow 9—0) UCIUBAISIUI SSO| 1yBIam padnpul
-as12Jaxa 3y} Burinp Jamod 21qoiae pue siaxtew auoq ‘(QiNg) Alsusp [edsulw suog ‘uonisodwod Apog ul sabueyd aAlle[al pue aInjosqe ‘SanjeA auljaseg

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Obesity (Silver Spring). Author manuscript; available in PMC 2013 September 03.



Page 12

Villalon et al.

"31eLIeA0d e se abueyd 1ybiam apnjoul Jou pip

saunseaw uoisodwod Apog € 8y} 10} suoIssaBay “aurjaseq uo Buiuonipuod ‘[eAssiul yoes ui Jybiam ui aBueyd sy uo ainseaw yoes ui abueyd ayy BuissaiBal [apow painses pareadal & UO paseq ale sanjend

NIH-PA Author Manuscript

60°0 ¥ 20°0- TT0F 200 abueyd %
T50 9T0FE€00- 0Z 090 6TOF¥00 0Z 6TOFELT 12 (unwyn) >ead®on
76T EG- YITF078 abueyd 9%
d ‘PSFUBIN N d ‘PSFUBBN N PSFUBSN N
Syluow 81—9 Syauow 9—0 San[eA auljeseq

(9%) sabueyd aAIle[al pue 8INjosqy

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Obesity (Silver Spring). Author manuscript; available in PMC 2013 September 03.



