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A B S T R A C T   

Introduction: Mechanical unloading associated with weight loss might be one of the main causes for bariatric 
surgery (BS) induced bone loss. However, no study has tested this hypothesis through objectively measured 
accelerometry-derived gravitational loading. We aimed to assess how gravitational loading changes following BS 
and how this correlates with bone mass losses. 
Methods: Twenty-one patients submitted to gastric bypass were assessed before, 1, 6 and 12 months after BS for 
areal bone mineral density (BMD), calciotropic hormones, sclerostin, body composition and daily physical ac-
tivity. Gravitational loading was determined as the sum of ground reaction forces assessed by accelerometer 
which considered the interaction between weight and daily ambulation. 
Results: Mechanical stimuli promoted through the significant increase in steps number counterbalanced the 
gravitational loading decreases derived from the significant weight loss after BS. Gravitational loading volume 
decreased between pre-BS and 1 month post-BS (− 2215 kN⋅d− 1; p = .023), but remained stable between 6 and 
12 months post-BS, despite decreases on hip (− 7.0%; p < .001), femoral neck (− 8.8%; p < .001) and lumbar 
spine (− 5.2%; p < .001) BMD. Serum sclerostin increased from pre-BS to 1 month post-BS (+0.118 ng⋅mL− 1; p =
.021), returning to pre-BS levels 6 months after surgery. Neither vitamin D nor parathyroid hormone were 
affected by BS. Weight variation was a predictor of BMD decreases at total hip (R2 = 0.06; p = .026) and femoral 
neck (R2 = 0.12; p = .022), whereas daily gravitational loading volume was not. Fat and lean mass changes were 
also predictors of BMD decrease at total hip (R2 

= 0.05; p = .031) and femoral neck (R2 
= 0.14; p = .010), 

respectively. 
Conclusion: Our findings suggest that gravitational loading only decreased during the first month after surgery 
remaining stable thereafter, and these changes do not seem to explain BS-induced bone loss. The association 
between weight and bone loss seems to result from other physiological aspects, fat and lean mass loss, rather than 
from gravitational loading decrease.   

1. Introduction 

Obesity is an extremely prevalent disease with major health and 
economic consequences. So far, bariatric surgery (BS) is the best avail-
able treatment for severe obesity, but has some drawbacks, as bone mass 
loss and fracture risk increase [1]. Bone mass losses are more expressive 

during the initial massive weight loss phase, which occurs in the first 
1–2 years post-BS [2]. 

Post-BS bone loss determinants are still not well established and 
seem to result from multiple factors [3]. Progressive mechanical 
unloading, prompted by weight loss, is hypothesized as one main factor 
to explain bone loss [4]. The aforementioned hypothesis is supported by 
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the fact that i) weight-bearing skeletal sites are mostly affected after BS 
[5], ii) serum sclerostin increases are frequently observed after BS [6] 
and iii) bone losses may occur despite adequate levels of calcium, 
vitamin D and parathyroid hormone (PTH) [7–9]. Nevertheless, several 
studies that analyzed post-BS weight loss effect on bone mass revealed 
contradictory findings, with some showing strong associations 
[10,11,8,12] whereas others did not [13,9,7]. 

Bone tissue is responsive to dynamic but not to static loading [14]. 
The gravitational loading influence on bone mass should not be based 
solely on weight, but instead should have in consideration the interac-
tion between weight and the dynamic loads resulting from daily physical 
activity, as this combination modulates the gravitational loads imposed 
to bone tissue [15]. Even though post-BS patients have a substantial 
weight reduction, it is conceivable that if their physical activity levels 
increase, this might counterbalance the reduction in daily mechanical 
loading attributed to the weight loss effect per se [4]. Variations in the 
interaction between weight loss and daily physical activity could have 
the potential to more truly reflect the actual contribution of gravita-
tional loading changes after BS on bone mass, rather than each one of the 
isolated parameters. 

The possible association between post-BS weight and bone loss might 
also be explained by changes in the two main weight determinants — fat 
and lean mass. It is known that both fat and skeletal muscle influence 
bone metabolism independently of the direct gravitational loading effect 
[16,17]. No study has collectively investigated how changes in each one 
of these factors influence post-BS bone loss. This would aid to determine 
the mechanisms of BS-induced bone loss and implement adequate 
strategies to tackle this clinically significant problem. 

This study aimed to investigate how weight and daily physical ac-
tivity vary following BS, how the conjugation of these two factors is 
reflected on bone mechanical loading, and how this variation associates 
with post-BS bone mass losses. Our hypothesis is that changes in daily 
physical activity following BS will, up to some extent, compensate for 
decreases in weight maintaining thereby the level of skeletal mechanical 
loading. To test this hypothesis, we objectively measured gravitational 
loading and daily physical activity through the use of accelerometers 
and also monitored serum sclerostin concentrations through the first 
post-BS year. Calciotropic hormones were also measured to control for 
any confounding effect of secondary hyperparathyroidism induced bone 
loss. Also, considering that weight changes result from changes in 
different body composition components, as a secondary aim, we also 
explored the influence that changes of lean and fat mass could have on 
post-BS bone mass losses. 

2. Materials and methods 

2.1. Study design 

This is an ancillary study derived from the BaSEIB clinical trial 
(clinicaltrials.gov/NCT02843048) in which the treatment effect of a 
structured exercise program in comparison to standard post-BS medical 
care for the prevention of bone mass loss was tested. Further details 
about the primary analysis of the outcomes are available elsewhere [18]. 
This study comprised a subgroup of patients with class II-III obesity 
submitted to Roux-en-Y gastric bypass (RYGB) that did not participate in 
the exercise intervention. Participants gave their written informed 
consent and the research protocol was approved by the local Ethics 
Committee (CES 192-14). 

2.2. Bariatric surgery 

Participants performed laparoscopic RYGB, according to standard 
procedures at the São João Academic Hospital Center by the same sur-
gical team, and all patients received usual medical care post-BS. Multi-
vitamin and protein supplements (e.g., Centrum®, Protifar®, 
Fantomalt®) were prescribed. Calcium and vitamin D supplements were 

not routinely prescribed, although the intake was advised to patients 
with particular needs. All patients received recommendations to in-
crease daily physical activity, but no structured exercise prescription 
was given. 

2.3. Measurements and outcomes 

Patients were assessed before, 1, 6 and 12 months after surgery and 
bone mineral density (BMD), bone metabolism regulators, anthropom-
etry, body composition and daily physical activity were evaluated. All 
measurements were conducted at the Research Centre in Physical Ac-
tivity, Health and Leisure (CIAFEL), University of Porto, Portugal. 

2.3.1. Anthropometry 
Height and weight were assessed according to standard procedures 

[19] with a stadiometer and digital scale, respectively, and body mass 
index (BMI) calculated. 

2.3.2. Bone mineral density and body composition 
Areal BMD (g⋅cm− 2) at total hip (TH), femoral neck (FN), lumbar 

spine (LS; average of L1–L4) and one-third distal radius (1/3 radius) 
were assessed by regional dual-energy X-ray absorptiometry (DXA; 
Hologic Explorer QDR, Hologic INC, Bedford, MA, USA) according to the 
manufacturer’s recommendations. Body fat (kg) and lean mass (kg) 
were determined through a whole-body DXA-scan. For participants who 
exceeded the width of the scanning area limits in the whole-body 
composition assessment, the left upper-limb was not completely scan-
ned and these missing values were replicated with values measured from 
the right upper-limb. All assessments were performed by the same 
experienced technician. Coefficients of variation (CV) were: 0.8% LS 
BMD, 1.0% TH BMD, 1.4% FN BMD, 1.4% 1/3 radius BMD, 1.6% total 
fat mass and 0.7% total lean mass. 

2.3.3. Bone metabolism regulators 
Fasting venous blood samples were collected between 8 and 9 am 

after overnight fasting, centrifuged at 5000 rpm at 4 ◦C for 10 min and 
serum stored at − 80 ◦C. All samples were thawed for a maximum of 2 
cycles and analyzed in batch. Commercially available Enzyme-Linked 
Immunosorbent Assays (ELISA) were used to determine the concentra-
tion of all biochemical parameters, namely: intact PTH concentration 
(PTH 1-84; ref. 8044, TECOmedical group, Sissach, Switzerland), total 
25-hydroxyvitamin D (25-OHD; ref. AC-57SF1, IDS Ltd., Boldon, UK) 
and sclerostin (ref. TE1023-HS, TECOmedical group, Sissach, 
Switzerland). The inter- and intraassay CV were: PTH 6.3% and 6.2%; 
25-OHD 3.3% and 2.7%; sclerostin 8.7% and 4.6%, respectively. 

2.3.4. Gravitational loading 
Daily physical activity was objectively recorded for 1 week during 

the awake period through a triaxial accelerometer (GT9X Link, Acti-
Graph, Pensacola, FL, USA) worn at the waist level, with data collected 
at 100 Hz sampling frequency. Raw accelerometry data, expressed 
through gravitational acceleration units (g) resulting from body move-
ments, was processed using Python programming language (Python 
Software Foundation, version 3.8.2; Beaverton, OR, USA). Initially, data 
was filtered, resultant accelerations determined and peak accelerations 
identified as previously described [20]. After, processed accelerometry 
data was used to quantify the following daily gravitational load out-
comes: i) number of steps, ii) high-impact gravitational loading and iii) 
gravitational loading volume. Steps, which represent the number of 
ambulatory gravitational stimuli, were recognized through the identi-
fication of acceleration peaks above 1.3 g separated by at least 0.4 s [21]. 
High gravitational loading impacts were determined by the number of 
body movements involving acceleration peaks above 4.9 g, which have 
been previously identified as an osteogenic load threshold [22]. Gravi-
tational loading volume was determined as the sum of ambulatory 
ground reaction forces (GRF, N) throughout an entire day. For this, peak 
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GRF derived from each identified step was predicted based on a previ-
ously validated equation that considers the interaction between weight 
and ambulatory gravitational stimuli (that varies with the resultant 
acceleration magnitude) [20]. Further details about this analysis can be 
found at https://bit.ly/3piwmFJ. 

2.3.5. Sedentary behavior and physical activity intensity 
Accelerometry data was also used to characterize physical activity 

related to cardiorespiratory outcomes. These outcomes are associated 
with energy expenditure typically expressed as metabolic equivalents 
(MET’s), which are used to classify different physical activity intensities 
according to established activity cut-points. Accelerometer 
manufacturer-supplied software (ActiLife, version 6.13.3; ActiGraph, 
Pensacola, FL, USA) was used to convert raw acceleration data into 
activity counts, that were analyzed in 60 s epochs. Non-wear time was 
defined as 90 min of consecutive zero counts. Physical activity was only 
valid if data had ≥10 h per day of wear time for ≥3 days. Sedentary 
behavior, light, and moderate-to-vigorous physical activity were defined 
as <200 counts per min (cpm), 200 to 2689 cpm and >2690 cpm, 
respectively [23,24]. 

2.4. Data analyses 

The R statistical software (version 4.0.3, R Foundation for Statistical 
Computing, Vienna, Austria) was used to perform the statistical ana-
lyses. The R code used as well as detailed information regarding the 
analyses performed can be found in a registered open platform at htt 
ps://bit.ly/375SCwm [25]. Changes occurred in each outcome 
throughout the first year after BS were tested by linear mixed-models 
analysis. Time variable (4 levels; pre-BS, 1, 6 and 12 months post-BS) 
was used as a fixed factor and subjects as a random factor. Within- 
group differences among evaluations were used to test time effect. 
Estimated mean differences with 95% confidence interval (95% CI) and 
adjusted p-value (Bonferroni-Holm correction) were reported. The in-
fluence of potential predictors of BMD changes occurred during the first 
year after BS was also tested. Prediction models were performed through 
mixed-models analysis, in which predictors were setup as a fixed factor, 
while subjects and time were setup as random factors. A statistically 
significant value was set as α = 0.05. 

3. Results 

3.1. Study participants 

Study participants characteristics are shown on Table 1. Twenty-one 
subjects (16 females; 5 males) aged 46.2 ± 8.0 years and 46.2 ± 8.1 
kg⋅m− 2 BMI, were recruited 1–3 months before BS. Regarding associated 
comorbidities, 23.8% had type 2 diabetes, 19.0% were thiazide diuretic 
users and 14.3% active smokers. Post-menopausal women represented 
25.0% of the females recruited. All participants had no self-reported 

neurological impairment and were free from orthopedic or musculo-
skeletal limitations. 

Detailed information regarding changes on BMD, body composition, 
vitamin D, PTH, sclerostin and daily physical activity throughout the 
first year after RYGB are presented on Supplemental Table S1. The main 
findings for each of these variables are further described in the text 
below. 

3.2. BMD changes throughout the first year after RYGB 

Fig. 1 shows BMD changes at different skeletal regions of interest 
assayed throughout the first year after RYGB. Distinct BMD pattern 
changes were observed, with significant decreases at the LS and, even 
more expressively, at the hip region, whereas at 1/3 radius, an appen-
dicular and non-weight-bearing skeletal site, there were no changes over 
time. Compared to pre-BS, there was a significant and progressive BMD 
decrease at 6 and 12 months post-BS at central skeletal sites, namely 
− 2.4% (95% CI − 3.8, − 0.9; p = .005) and − 5.2% (95% CI − 6.8, − 3.7; p 
< .001) at LS, − 2.6% (95% CI − 4.2, − 1.0; p = .005) and − 7.0% (95% CI 
− 8.6, − 5.3; p < .001) at TH, and − 4.4% (95% CI − 6.5, − 2.2; p = .001) 
and − 8.8% (95% CI − 11.0, − 6.6; p < .001) at FN, respectively. 

3.3. Weight changes throughout the first year after RYGB 

During the first year after RYGB, in which BMD of weight-bearing 
skeletal sites decreased, there was also a consistent weight reduction 
throughout all follow-up moments (Fig. 2, panel a). Just one month after 
surgery a significant decrease on weight was observed (− 11.9 kg [95% 
CI − 14.9, − 8.9]; Δ = − 10.5%; p < .001), and this pattern of decrease 
continued until the end of the follow-up period, when the highest dif-
ference compared to pre-surgery weight was achieved, with an average 
reduction of − 41.4 kg (95% CI − 44.5, − 38.4; Δ = − 36.5%; p < .001). 

3.4. Physical activity changes throughout the first year after RYGB 

Physical activity also changed after RYGB with bariatric patients 
becoming more active (Fig. 2, panel b and Supplemental Fig. S1). Be-
tween pre-BS and 12 months post-BS, patients spent less time in 
sedentary behaviors (− 0.9 h⋅d− 1 [95% CI − 1.6, − 0.2]; Δ = − 11.7%; p =
.028), and more time performing light (0.8 h⋅d− 1 [95% CI 0.2, 1.5]; Δ =
14.1%; p = .046) and moderate-to-vigorous physical activities (15.3 
min⋅d− 1 [95% CI 6.8, 23.8]; Δ = 64.3%; p = .006) (Supplemental 
Fig. S1). The number of daily steps performed also showed a similar 
pattern change after surgery, with a non-significant decrease from pre- 
to the first month, followed by a consistent increase until the end of the 
first year (2379 steps⋅d− 1 [95% CI 1229, 3529]; Δ = 37.5%; p = .001) 
(Fig. 2, panel b). 

3.5. Changes on gravitational loading and sclerostin concentration 
throughout the first year after RYGB 

Daily ambulatory gravitational loading to which patients were 
exposed throughout the follow-up, which accounted for the variations in 
both weight and daily physical activity, showed that the mechanical 
stimuli promoted through the increase in the number of steps counter-
balanced the gravitational loading decrease derived from the massive 
weight loss after RYGB (Fig. 2, panel c). The gravitational loading vol-
ume significantly decreased between pre-BS and 1 month post-BS 
(− 2215 kN⋅d− 1 [95% CI − 3712, − 717]; Δ = − 19.5%; p = .023), but 
then remained stable with no more significant changes at 6 and 12 
months post-BS. In the opposite direction, serum sclerostin concentra-
tion (Fig. 2, panel d) significantly increased from pre to 1 month after 
RYGB (0.118 ng⋅mL− 1 [95% CI 0.041, 0.195]; Δ = 19.8%; p = .021) 
returning to pre-surgery levels 6 months after surgery. Interestingly, 
changes on sclerostin levels were neither associated with changes on 
daily gravitational loading volume (β = − 0.084 kN⋅d− 1 [95% CI − 0.318, 

Table 1 
Participants’ characteristics before bariatric surgery.  

Parameters n = 21 

Age (years) 46.2 ± 8.0 
Sex (female, %) 76.2% 
Height (m) 1.58 ± 0.09 
Weight (kg) 113.4 ± 17.2 
Body mass index (kg⋅m− 2) 46.2 ± 8.1 
Waist circumference (cm) 127.2 ± 10.2 
Hip circumference (cm) 133.4 ± 8.4 
Waist to hip ratio 0.96 ± 0.08 
Menopause (%) 25.0% 
Diabetes (%) 23.8% 
Thiazide intake (%) 19.0% 
Current smoker (%) 14.3% 

Data: mean ± standard deviation. 
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0.150]; p = .486; R2 = 0.01) nor with weight loss (β = − 0.036 kg [95% 
CI − 0.310, 0.274]; p = .828; R2 = 0.00). 

Remarkably, the observed increase on physical activity levels, 
namely in moderate-to-vigorous intensity physical activity, did not 
reflect on a higher number of body movements involving high gravita-
tional loading impacts throughout the follow-up (Fig. 3). While the time 
spent in moderate-to-vigorous physical activity increased from 23.8 
min⋅d− 1 (95% CI 13.7, 33.9) to 39.1 min⋅d− 1 (95% CI 28.7, 49.5) from 
pre-BS to 12 months post-BS, the number of high-impact gravitational 
loads performed remained essentially unaltered and low through all the 
follow-up. 

3.6. Changes on calciotropic hormones concentration throughout the first 
year after RYGB 

Calciotropic hormones concentration (PTH and vitamin D) assessed 
throughout the first year after RYGB are presented on Table 2. There 
were no significant changes on vitamin D between pre-BS and 12 months 
post-BS, although a significant increase occurred at the end of the first 
semester after RYGB compared to pre-surgery levels (8.2 ng⋅mL− 1 [95% 
CI 2.9, 13.6]; Δ = 30.3%; p = .025). A non-significant trend in PTH 
concentration decrease was also observed during follow-up. 

3.7. Changes on fat and lean mass throughout the first year after RYGB 

Weight loss occurred during the first year after RYGB resulted from a 
substantial decrease on both fat and lean mass (Fig. 4). Fat mass 
significantly decreased through all the follow-up, attaining a loss of 
− 31.4 kg (95% CI − 33.9, − 29.0; Δ = − 56.8%; p < .001) at 12 months 
post-BS. Lean mass also showed a significant decrease between pre-BS 
and 1 month post-BS (− 6.4 kg [95% CI − 7.9, − 5.0]; Δ = − 11.5%; p 
< .001), and between 1 and 6 months post-BS (− 2.4 kg [95% CI − 3.9, 
− 1.0]; Δ = − 4.9%; p = .003), remaining stable during the second se-
mester after surgery. 

3.8. BMD change predictors 

The influence of potential predictors of BMD loss was tested 
(Table 3). Weight loss was a significant predictor of BMD changes at TH 
(β = 0.238 [95% CI 0.075, 0.401]; p = .026; R2 = 0.06) and FN (β =
0.321 [95% CI 0.174, 0.469]; p = .022; R2 = 0.12), but not at LS. Fat 
mass loss was also a significant predictor of BMD changes at TH (β =

0.213 [95% CI 0.078, 0.347]; p = .031; R2 = 0.05), but not at FN, while 
lean mass change was a significant predictor of BMD loss at FN (β =
0.342 [95% CI 0.094, 0.590]; p = .010; R2 = 0.14), but not at TH. 
Neither fat mass nor lean mass were significant predictors of LS BMD 
changes. Changes on daily gravitational loading volume to which bar-
iatric patients were exposed after RYGB were not associated with BMD 
loss at any of the weight-bearing skeletal sites analyzed. Therefore, 
predictors of TH BMD changes were weight and fat mass, while pre-
dictors of FN BMD changes were weight and lean mass (Supplemental 
Fig. S2). These predictors were not tested together in a final model 
because they presented moderate to high collinearity, with a variance 
inflation factor of 2.4 between weight and lean mass changes, and 8.5 
between weight and lean mass changes. 

4. Discussion 

This study aimed to investigate how weight and daily physical ac-
tivity vary following BS, how the conjugation of these two factors reflect 
on bone mechanical loading, and how this variation explains bone mass 
losses. Additionally, we analyzed if changes on mechanical loading were 
reflected on serum sclerostin concentration and explored the influence 
that post-BS changes on fat and lean mass could have on these patients 
bone mass loss. Our results showed that despite a substantial weight 
decrease, bariatric patients became physically more active after surgery 
compensating thereby the gravitational loading decrease derived from 
the massive weight loss. Thus, mechanical loading remained globally 
stable from the first post-BS month onwards, while bone mass loss 
continued throughout the 12 months of the follow-up. Moreover, our 
results revealed that BMD decreases observed at the hip region were 
associated with changes on weight, fat and lean mass, but not with daily 
ambulatory gravitational loading volume to which these patients were 
exposed after RYGB. 

The negative effect of weight loss interventions on bone health has 
been consistently described in different populations, from non-obese 
young subjects [26] to older adults with obesity [27]. Calorie- 
restricted diet interventions achieving moderate weight loss (≈− 10%) 
have been associated with significant bone mass reduction (≈− 2%) 
especially at the hip region [27,26]. Similar detrimental effects on 
skeletal health were observed in post-BS patients, although to a much 
higher extent [5]. Our results showed that at the end of the first year 
after surgery, bariatric patients had a mean weight loss of − 36.5% and a 
substantial BMD decrease at axial skeletal sites, namely − 7.0% at total 

Fig. 1. Bone mineral density changes throughout the 
first year after Roux-en-Y gastric bypass. BS = bar-
iatric surgery. 
Data: estimated mean (confidence interval 95%). 
Versus pre-BS: ap < .05; a

′

p < .01; a
′′

p < .001. 
Versus 1-month post-BS: b

′

p < .01; b
′′

p < .001. 
Versus 6 months post-BS: c

′

p < .01; c
′′

p < .001.   
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hip, − 8.8% at femoral neck and − 5.2% at lumbar spine, but no changes 
at 1/3 radius. These findings are in line with previous studies [8,12,10] 
showing that bone mass changes following BS might be substantially 
different across different skeletal sites, with weight-bearing bones being 
the most affected. 

The influence of mechanical loading on bone mass is well established 
and has been described by the Wolff’s law and Frost’s mechanostat 
theory [28]. Bone tissue is highly responsive to mechanical strain or the 
lack of thereof, adapting itself by increasing or decreasing its mass to 
accommodate the loads it bears in the most energetically cost-efficient 
way [15]. The higher bone mass losses observed at central skeletal 
sites in our study, mainly at the hip region seems, at first sight, to sup-
port the hypothesis that bone loss after BS reflects a physiological 
adaptation to lower gravitational load demands resulting from a massive 
weight reduction. A similar site-specific bone response has been 
described in subjects involved in prolonged bed rest [29] and micro-
gravity [30]. Although our results have shown that bone mass loss was 
partially explained by weight loss magnitude, the mechanisms under-
lying this association seem not to be related to the gravitational loading 
changes after RYGB. 

Our findings showed that, although weight constantly decreased 
over time, the daily ambulatory gravitational loading volume only had a 
significant decrease during the first month after surgery, but then 
remained stable for the next 11 months. This occurred because after 
surgery, bariatric patients became physically more active, which coun-
terbalanced the negative effect of weight loss on bone mechanical 
loading. These changes on physical behavior are not surprising inas-
much as regular clinical practice guidelines have already included rec-
ommendations to encourage the increase of regular physical activity 
after surgery [31]. Moreover, bariatric patients’ physical function 
perception substantially improves at the same time that weight loss 
occurs, which may promote greater involvement in labor or recreational 
daily physical activities [32]. Indeed, several studies have shown an 
average increase ranging from 1271 to 2749 additional daily steps 
throughout the first year after BS, which is in agreement with the results 
observed in our study [33,34]. 

Sclerostin is a protein expressed by osteocytes in response to me-
chanical unloading that inhibits the Wnt/β-catenin signaling pathway, 
which decreases osteoblast differentiation, proliferation and activity 
[35]. A relevant finding from our study, which corroborates the hy-
pothesis that bone loss was not predominantly triggered by the decrease 
of mechanical loading, was that serum sclerostin concentration only 
increased from pre-surgery to 1 month post-BS, when patients were still 
recovering and therefore mostly inactive, and then returned to baseline 
concentrations at 6 months post-BS. Although there are conflicting 
findings [6,12], several studies have shown a similar sclerostin pattern 
change throughout the first 12 months post-BS [36,37]. Our findings 
suggest that the transient sclerostin changes observed after BS occurred 
as a physiological response to the observed gravitational loading 
changes, increasing with the reduction in gravitational loading during 
the first month after surgery and then returning to baseline concentra-
tion accompanying the gravitational loading stabilization that occurred 
in the following months. Nevertheless, no significant association be-
tween sclerostin concentration and gravitational loading changes was 
identified, which might result from the fact that sclerostin expression is 
not only determined by mechanical loading per se, but also by other 
factors concomitantly modified by BS [35], namely glucose metabolism 
[37]. (caption on next column) 

Fig. 2. Weight, daily steps, daily gravitational loading volume and sclerostin 
levels throughout first year after Roux-en-Y gastric bypass. 
BS = bariatric surgery. 
Data: estimated mean (confidence interval 95%). 
Versus pre-BS: ap < .05; a

′′

p < .001. 
Versus 1-month post-BS: bp < .05; b

′

p < .01; b
′′

p < .001. 
Versus 6 months post-BS: c

′′

p < .001. 
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Our findings suggest that the association between weight and bone 
loss after BS might be more related with changes on fat and lean mass, 
since these two weight components have shown to be significant pre-
dictors of BMD changes at the hip region. These results seem to be 
supported by findings from other studies, in which bone loss was also 
associated with changes on fat and lean mass [12,38]. 

Besides gravitational loading, massive fat mass reduction observed 
after BS might induce bone loss through changes on adipokines levels, 
although our knowledge about the mechanisms by which they interfere 
with bone metabolism is still incomplete [17]. For instance, the adipo-
nectin concentration increase, usually observed after BS, has been 
described as negatively correlated with BMD [9], while BS-induced 
leptin decrease seems to be associated with BMD decrease [11]. Fat 
mass reduction may also prompt bone mass loss by lowering estrogen 
synthesis derived from adipose tissue aromatase activity, although this 
hypothesis has not been supported by current evidence [12]. It should be 
noted that although only fat mass changes were significantly and posi-
tively associated with BMD loss at TH, the same trend was observed at 
FN and LS, although not reaching statistical significance. 

The influence of lean mass changes on the observed bone loss after 
BS may be due to the substantial reduction in skeletal muscle mass, 
because of the skeletal muscle effect on bone mechanical strain and local 
paracrine myokine signaling [16]. Hue and colleagues [39] showed that 
one year after BS maximal muscle strength decreased on upper and 
lower limbs. However, this decrease seemed to be more expressive in 
antigravitational muscles, more specifically at the knee extensors [39]. 

Fig. 3. Changes occurred throughout first year after 
Roux-en-Y gastric bypass on moderate-to-vigorous 
physical activity and high gravitational loading im-
pacts. 
BS = bariatric surgery. 
Data: estimated mean (confidence interval 95%). 
Versus pre-BS: ap < .05. 
Versus 1-month post-BS: bp < .05.   

Table 2 
Changes on calciotropic hormones throughout the first year after Roux-en-Y 
gastric bypass.  

Parameters Pre-BS 1-Month 
post-BS 

6 Months 
post-BS 

12 Months 
post-BS 

PTH (pg⋅mL− 1) 35.8 (30.2, 
41.5) 

34.5 (29.1, 
40.0) 

31.9 (26.6, 
37.1) 

30.5 (25.0, 
36.1) 

Vitamin D 
(ng⋅mL− 1) 

27.1 (20.2, 
34.0) 

29.7 (22.9, 
36.5) 

35.3 (28.7, 
41.9)* 

34.4 (27.5, 
41.2) 

BS = bariatric surgery; PTH = parathyroid hormone. 
Data: estimated mean (confidence interval 95%). 

* p < .05 compared to pre-surgery moment. 
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Theoretically, the lower strength required to move a lighter body, and 
therefore with lower inertia, combined with a reduced muscle mass and 
lower muscle strength might lead to substantial decreases of muscle- 
derived forces acting on the skeleton during daily activities and, 
consequently, induce lower bone strains [28]. This might be especially 
relevant, since an important portion of the forces generated at the femur 
during walking derive from muscle contractions and not only through 
gravitational loading [40]. 

Although our findings seem to indicate that the association between 
weight and bone mass losses might be more related to changes on fat and 
lean mass than with mechanical (un)loading changes, the hypothesis 
that the initial reduction in gravitational loading after surgery was 
enough to drive the observed bone loss throughout the follow-up period 
cannot be fully excluded, as these changes could reflect the slow read-
justment of bone mass to a new level of mechanical stimulation. How-
ever, considering the findings on sclerostin changes, this hypothesis 
seems less likely. 

Interestingly, our findings revealed that, contrarily to what could be 
expected, the increase in physical activity levels observed after BS, 
particularly the time spent on moderate-to-vigorous intensity activities, 
was not paralleled by an increase in the number of high gravitational 
loading impacts. These findings highlight two points. First, physical 
activity measurements related to cardiorespiratory outcomes may not be 
a good indicator to reflect gravitational loading. Second, the positive 
effect that the raise of physical activity might have had on counter-
balancing the gravitational loading decrease due to weight reduction 

occurred almost exclusively through low mechanical load stimuli. These 
findings suggest that future therapeutic approach that aim to minimize 
BS-induced bone loss should not only focus on increasing the daily 
ambulatory gravitational loading volume, but also on favoring other 
important parameters associated with mechanical loading induced bone 
formation, such as load magnitude [41]. Vainionpää and colleagues [22] 
reported that fewer than 60 high gravitational loading impacts per day 
were associated with an increase in proximal femur BMD in premeno-
pausal women. 

Another relevant finding was that calciotropic hormones were not 
negatively affected by RYGB. Several studies [7–9] have shown that the 
malabsorption typically associated with the intestinal bypass might not 
necessarily result in a decrease in blood calcium and vitamin D or an 
increase in PTH during the first year after surgery. Some of the most 
frequent justifications for this observation might be: i) calcium and 
vitamin D supplements prescribed after surgery [42], ii) adipose tissue 
stored vitamin D released as a consequence of adipocyte shrinkage [43], 
iii) higher synthesis of vitamin D through sun exposure due to more time 
spent in outdoor physical activities [44] and iv) higher hepatic vitamin 
D hydroxylation due to reduced non-alcoholic fatty liver disease [45]. 
These findings are also corroborated by some studies on animal models 
[45,46]. 

4.1. Strength and weakness 

The main strength of this study was the proposal of a new perspective 

Fig. 4. Fat and lean mass changes throughout first 
year after Roux-en-Y gastric bypass. 
BS = bariatric surgery. 
Data: estimated mean. 
Versus pre-BS: a

′′

p < .001. 
Versus 1-month post-BS: b

′

p < .01; b
′′

p < .001. 
Versus 6 months post-BS: c

′′

p < .001.   

Table 3 
The influence of potential predictors of bone mineral density loss from weight bearing skeletal sites during the first year after Roux-en-Y gastric bypass.   

Total hip BMD (g⋅cm− 2) Femoral neck BMD (g⋅cm− 2) Lumbar spine BMD (g⋅cm− 2) 

β (95% CI) p value R2 B 
β (95% CI) 

p value R2 B 
β (95% CI) 

p value R2 

Weight (kg) 0.238 
(0.075, 0.401) 

.026 0.06 0.321 
(0.174, 0.469) 

.022 0.12 0.149 
(0.004, 0.294) 

.144 0.02 

Fat mass (kg) 0.213 
(0.078, 0.347) 

.031 0.05 0.233 
(− 1.298, 1.764) 

.093 0.05 0.177 
(0.079, 0.275) 

.057 0.03 

Lean mass (kg) 0.148 
(− 0.076, 0.372) 

.200 0.02 0.342 
(0.094, 0.590) 

.010 0.14 − 0.038 
(− 0.256, 0.181) 

.736 0.00 

Daily volume of gravitational loading (kN) − 0.350 
(− 0.226, 0.474) 

.583 0.00 0.043 
(− 0.143, 0.229) 

.654 0.00 − 0.022 
(− 0.135, 0.092) 

.709 0.00 

β = standardized beta coefficient; BMD = bone mineral density; CI = confidence interval; R2 = coefficient of determination. 
Significant values are marked in bold. 
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on the possible role that mechanical loading changes might have on BS- 
induced bone loss, as well as testing this hypothesis through an inno-
vative approach that allowed us to objectively assess daily ambulatory 
gravitational loading throughout the first year after BS. However, there 
are some limitations. Although the prediction models developed to es-
timate gravitational loading have been shown to be accurate for walking 
[20], their validity was not tested in other activities such as running and 
jumping. Nevertheless, our results suggest that the potential impact that 
this source of error might have on our findings is residual, since post-BS 
patients daily physical activity was almost exclusively composed of ac-
tivities involving low mechanical load stimuli as those that characterize 
walking-related activities. It also should be highlighted that findings 
reported here could be specific for post-RYGB patients and may not 
reflect the underlying mechanisms of bone loss associated with other BS 
techniques, such as the sleeve gastrectomy [6,7]. Moreover, the 
magnitude of the influence of different factors contributing to bone loss 
may depend on age and could vary over time after surgery [2]. There-
fore, additional research with larger sample sizes, longer follow-up pe-
riods and the inclusion of patients submitted to other surgical 
procedures are needed to confirm these findings and elucidate the 
mechanisms of BS-induced bone loss. 

5. Conclusions 

Our findings showed that ambulatory gravitational loading only 
decreased during the first month after surgery remaining stable there-
after, and that these changes do not seem to explain BS-induced bone 
loss. This occurred because after surgery patients became physically 
more active, which counterbalanced the negative effect of weight loss on 
bone mechanical loading. Our findings seem to suggest that the associ-
ation between weight and bone loss after BS might be more related to 
changes on fat and lean mass per se since these two weight components 
showed to be significant predictors of BMD changes. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bone.2021.116153. 
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Boas, José Oliveira and Hélder Fonseca declare that they have no con-
flict of interest. 

Acknowledgements 

This study was funded by the Foundation for Science and Technology 
of Portugal (FCT) (grant PTDC/DTP-DES/0968/2014) and by the Eu-
ropean Regional Development Fund (ERDF) through the Operational 

Competitiveness Programme (COMPETE) (grant POCI-01-0145-FEDER- 
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