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Abstract

Objective: The aim of this study was to investigate the effects of zoledronic acid for
the prevention of bone loss after bariatric surgery.

Methods: In this randomized, double-blinded study, 59 patients undergoing
Roux-en-Y gastric bypass or sleeve gastrectomy (mean [SD], age: 48.9 [6.3] years,
BMI: 42.3 [5.3], 73% female) were randomly assigned (1:1) to receive either zoledro-
nic acid (5 mg; intervention [INT]) or placebo (control [CON]) preoperatively. The pri-
mary endpoint was the change in spine volumetric bone mineral density (vBMD) at
12 months after surgery. Secondary outcomes included changes in hip and femoral
neck vBMD and areal BMD.

Results: The estimated mean treatment effects of zoledronic acid on the spine and
total hip were 6.8 mg/cm?® (95% Cl 1.9-11.7; p = 0.003) and 5.0 mg/cm® (95% Cl:
1.4-8.5; p = 0.006), respectively. Bone mass in the spine increased by 2.6% in INT,
whereas no changes were observed in CON. Additionally, bone loss in the total hip
was prevented in INT compared with CON (vBMD: —0.6% vs. —3.6%; p = 0.006).
Conclusions: Zoledronic acid increases bone mass in the spine and prevents bone
loss in the hip region after bariatric surgery compared with placebo.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2025 The Author(s). Obesity published by Wiley Periodicals LLC on behalf of The Obesity Society.
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INTRODUCTION

In 2016, more than 600,000 bariatric surgery procedures were per-
formed globally [1]. In addition to long-term weight reduction, bariat-
ric surgery also improves comorbidities related to obesity and lowers
mortality rates [2]. However, the two most commonly performed bar-
iatric surgery procedures, Roux-en-Y gastric bypass (RYGB) and sleeve
gastrectomy (SG), have negative effects on bone metabolism [3-5]
and increase the risk of fractures [6-8]. These negative effects on the
skeletal system are considered to be multifactorial, in which mecha-
nisms include mechanical unloading, hormonal changes, malnutrition,
and changes in body composition [5].

Bariatric surgery causes significant bone loss during the first year
after surgery, with declines in bone mineral density (BMD) in the lum-
bar spine, total hip, and femoral neck ranging from ~3% to 15%
[3, 4, 9-12]. Patients typically reach a plateau in body weight within
~12 months after surgery, but the accelerated decline in BMD com-
pared with the age-related loss continues despite weight stability
[4, 9, 13]. Few studies have performed long-term follow-up, i.e., 5 to
7 years after surgery, and only for RYGB [10, 14]. These studies have
shown up to 12%, 17%, and 12% declines in areal BMD (aBMD) in the
lumbar spine [10], total hip [14] and femoral neck [10], respectively.
One decade after RYGB, more than one-quarter of postmenopausal
women and men over age 50 years had developed osteoporosis [15].

Currently, the optimum treatment for preventing bone loss after
bariatric surgery is unknown. The efficacy of nutritional supplementa-
tion with calcium and vitamin D has been found to be limited [16].
Exercise intervention, including resistance exercise and/or high-
impact activities, can attenuate or prevent bone loss in the lumbar
spine, hip, and/or femoral neck, although only when adherence is high
[17-19]. Therefore, alternative treatments are necessary for prevent-
ing bone loss in patients undergoing bariatric surgery.

Bisphosphonates inhibit osteoclast activity and reduce the risk of
fractures in patients with osteoporosis [20]. In addition, bone resorp-
tion in high bone turnover diseases has been shown to be normalized
[21-24]. A recent pilot study with a randomized-controlled design
showed promising effects of risedronate for preventing bone loss fol-
lowing SG [25]. Based on these findings, the aim of this study was to
assess whether zoledronic acid can prevent bone loss in patients
undergoing bariatric surgery. We hypothesized that zoledronic acid
will prevent excessive bone resorption and reduce bone loss after bar-
iatric surgery.

METHODS
Study design

This randomized, double-blinded, single-center study was carried out
in a public hospital in Denmark and was approved by the Regional
Committee on Health Research Ethics for Southern Denmark (project
identifier S-20190134). The trial is registered at ClinicalTrials.gov
(NCT04742010). The results are reported in accordance with the

Study Importance
What is already known?

e Bariatric surgery is associated with significant bone loss
and a 21% to 44% higher risk of fractures compared with
that in adults of similar age, sex, and BMI.

e Bisphosphonates, such as zoledronic acid, are commonly
used to treat osteoporosis, increase bone mineral density,
and reduce fracture risk, and preliminary studies suggest
they may also prevent bone loss after bariatric surgery;

however, larger studies are needed to confirm this.

What does this study add?

o This study shows that zoledronic acid can effectively pre-
vent bone loss in patients undergoing bariatric surgery.

e Specifically, zoledronic acid increases spine bone mass
and prevents bone loss in the total hip region.

How might these results change the direction of
research or the focus of clinical practice?

o These results suggest that short-term bone loss after bar-
iatric surgery can be mitigated with zoledronic acid.

e Future research should focus on refining patient selection
criteria for this treatment, considering traditional fracture
risk factors such as age, gender, postmenopausal status,
and bone mass.

Consolidated Standards of Reporting Trials (CONSORT) statement.
The study protocol has been published elsewhere [26] but is briefly
summarized herein. After enrollment and baseline assessment, partici-
pants were evenly randomized into two groups: the group receiving
zoledronic acid (intervention [INT]) or the group receiving placebo
(control [CONY]). Participants were administered zoledronic acid or pla-
cebo 180 to 7 days prior to surgery, and follow-up assessment was
performed 12 months after surgery. Initially, the earliest administra-
tion date was set at 59 days prior to surgery; however, we chose to
change it to 180 days due to ~20% of the participants having to be
excluded because of surgery delays caused by the COVID-19
pandemic. A single dose of zoledronic acid (range, 1-5 mg) has long-
lasting antiresorptive effects, i.e., up to 3 to 5 years [27]; therefore,
extending the time from administration to surgery was deemed
acceptable.

Participants

Patients who were referred to RYGB or SG at the University Hospital
of Southern Denmark, Esbjerg, participated in this study. Details
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regarding surgery procedures have been published earlier [26]. Inclusion
criteria were age 235 years and eligibility for bariatric surgery according
to the Danish National Guidelines. These include one of the following
two criteria: 1) body mass index (BMI) 2 35 kg/m? and an obesity-
related comorbidity of type 2 diabetes, sleep apnea, arthrosis of the hip
or knee, polycystic ovary syndrome with an unmet wish for pregnancy,
or treatment resistant hypertension; or 2) BMI > 40 kg/m? with a signif-
icant medical justification for weight loss (other than those mentioned
in the first point). Exclusion criteria were current or previous treatment
with antiosteoporotic agents; current treatment with oral glucocorti-
coids or other drugs with effects on bone metabolism; metabolic bone
disease (although presence of osteoporosis was allowed); history of
medical disorders with known effects on bone metabolism (hypo- and
hyperthyroidism were allowed if treated and stable); pregnancy or
breastfeeding; chronic kidney disease with estimated glomerular filtra-
tion rate (eGFR) < 45 mL/min; hypocalcemia; and hypersensitivity to
bisphosphonates, mannitol, or sodium citrate. After inclusion, partici-
pants were excluded if eGFR declined to less than 45 mL/min, the par-
ticipant withdrew consent, or planned surgery was not performed
within 180 days from the administration of the study medicine. Fertile
women consented to using contraception with intrauterine devices or
oral contraceptive pills with estradiol until 1 year after the administra-

tion of the study drug. All participants provided informed consent.

Randomization and masking

We randomized participants (1:1) into two groups, i.e., INT or CON,
using computer-generated software. We employed block randomiza-
tion with sizes of two, four, and six and stratified an equal number of
participants undergoing RYGB or SG into each study arm. A detailed
description of the randomization process, sequence generation, allo-
cation concealment mechanism, implementation, and blinding has

been provided elsewhere [26].

Procedures

A single dose of zoledronic acid 5 mg or placebo was administered in
a solution containing 100 mL of saline water (0.9% sodium chloride)
and slowly infused intravenously (215 min). Owing to the risk of ana-
phylaxis, participants were observed for at least 30 min at the study
site after the infusion. The hospital pharmacy, University Hospital of
Southern Denmark, prepared the study medicine on the day of admin-
istration in a separate location. Fertile women were screened for preg-
nancy using a urine human chorionic gonadotropin test on the day
that they received the study medicine.

In order to ensure sufficient levels of calcium and vitamin D, all
participants were advised supplements with calcium (citrate or car-
bonate) 400 mg twice daily and vitamin D 38 ug daily starting from
inclusion and throughout the study. A loading dose of 100,000 IU of
vitamin D3 was given orally if serum 25(OH)-vitamin D level was less
than 25 nmol/L.
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Outcomes

Changes in trabecular volumetric BMD (vBMD; milligrams per centi-
meters cubed) of the lumbar spine (L1-L2) was the primary outcome
of this study. Secondary outcomes were total hip and femoral neck
vBMD. We employed non-contrast enhanced abdominal/pelvic quan-
titative computed tomography (QCT; Siemens SOMATOM FORCE,
Siemens Healthcare AG) to assess the changes in vBMD for these
bone sites. Patients were scanned in the supine position with the
QCTPro calibration phantom positioned beneath them to cover
the area from L1 to below the lesser trochanter. The scans were per-
formed as a helical acquisition with the following settings: tube volt-
age 120 kV (peak); 25 mAs; 38-cm field of vision; 168.5-cm table
height; and 2-mm slice thickness and reconstructed at kernel Qr32.
The Mindways QCT Pro software was used to conduct a three-dimen-
sional reconstructive analysis of vBMD from the obtained images
(Mindways Software Inc.).

Furthermore, we assessed areal BMD (aBMD; grams per centime-
ters squared) of the lumbar spine (L1-L4), femoral neck, and total hip
using dual-energy x-ray absorptiometry (DXA; Hologic Horizon A),
and venous blood samples were taken between 7 and 10 am after an
overnight fast (minimum of 8 h). Plasma for analyses of bone forma-
tion (procollagen type | amino-terminal propeptide [P1NP]) and
resorption (carboxy-terminal type | collagen [CTX-1]) markers was
stored at —70°C until analysis. CTX-1 and PANP were measured (iSYS,
Immunodiagnostic Systems Ltd.) with coefficient of variation of 8.0%
for both analyses. Serum calcium, 25(OH)-vitamin D, and parathyroid
hormone (PTH) were measured using standard equipment.

Safety data were collected in accordance with the Good Clinical
Practice Guidelines throughout the study. The participants were
informed to notify the study site in the case of adverse events or
reactions, and in addition, this information was systematically col-
lected 1 and 12 months after surgery. Blood samples were taken
4 weeks after surgery to assess renal function (i.e., eGFR) and the

occurrence of hypocalcemia.

Statistical analysis

The statistical procedures have been published elsewhere [26] and
are briefly summarized herein. A sample size calculation was based on
the change in lumbar spine vBMD 12 months after surgery. It was
assumed that trabecular spine vBMD in those receiving zoledronic
acid would remain unchanged at 12 months, whereas those receiving
placebo would have a decline in vBMD of 12 mg/cm® with an SD of
27 [28]. A power analysis showed that a total of 42 participants were
needed to detect a significant difference between the groups
(repeated measures estimation, power of 0.80, significance level of
0.05, and correlation of 0.86). In order to allow for dropouts, we
aimed to include 30 participants in each group.

The intention-to-treat principle was used to analyze the effect of
zoledronic acid. A mixed-effects model with repeated measures,
including a term for the interaction of group (INT or CON) and time,
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was used to assess changes from baseline to 12 months (unadjusted
analysis). For the adjusted analysis, the covariates age, gender, and
surgery type (randomization factor) were included in the analysis.
Changes in absolute values for vBMD and aBMD were correlated
with absolute changes in body weight and CTX-1 using Pearson corre-
lation. All analyses were performed using Stata version 18 (StataCorp
LLC). We used Fisher exact test to assess the difference in the preva-
lence of hypocalcemia between groups. The significance level was set
atp < 0.05.

RESULTS
Participant characteristics

We recruited all participants between February 11, 2021, and
November 1, 2022, and details regarding participant flow are

220 patients assessed
for eligibility

A,

150 Eligible

displayed in Figure 1. We screened a total of 220 patients, of whom
150 were deemed eligible to participate in this study. We enrolled
81 participants, of whom 64 completed the baseline assessment,
59 were randomized and were administered the study drug, and
53 completed the 12-month visit. Participant characteristics and bone
outcomes at baseline are presented in Table 1. The baseline character-
istics showed that the groups were well balanced for age, weight, sur-
gery type, and time of administration of the study drug, as well as
bone outcomes (Table 1), although a higher number of male individ-

uals was allocated to INT compared with CON.
Body weight
At the 12-month follow-up, both INT and CON experienced a reduc-

tion in body weight: 31.2 kg (95% confidence interval [Cl]: —34.8 to
—27.5; p < 0.001) and 30.4 kg (95% ClI: —34.5 to —26.4; p < 0.001),

70 ineligible

69 unwilling to
participate

Y

17

81 enrolled

excluded

11 failured to achieve a compulsory 8%
weight loss prior to surgery

4 withdrew consent

1 had surgery performed prior to baseline

1 surgery cancelled

64 completed baseline
assessment

5 excluded

4 withdrew from surgery

1 surgery was not performed within 180 days from the

administration of the study drug

A4

59 randomized

|

l

31 assigned to zoledronic acid
RYGB (F: 13, M: 7)
SG (F: 6 M: 5)

28 assigned to placebo
RYGB (F: 16, M:4)
SG (F: 8, M: 0)

4’{ 2 missed 12 month follow-up

4

v

1 missed 12 month follow-up

1 failured to achieve a compulsory 8%
weight loss prior to surgery

1 surgery cancelled

1 withdrew from surgery

29 attended to 12 month follow-up
RYGB (F: 11, M: 7)
SG (F: 6, M: 5)

24 attended to 12 month follow-up
RYGB (F: 15, M: 2)
SG (F:7,M: 0)

A 4

31 included in intention-to-treat analysis
RYGB (F: 13, M: 7)
SG (F: 6 M: 5)

28 included in intention-to-treat analysis
RYGB (F: 16, M:4)
SG (F: 8, M: 0)

FIGURE 1 Participants’ flow diagram. F, female; M, male; RYGB, Roux-en-Y gastric bypass; SG, sleeve gastrectomy.
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TABLE 1 Participant characteristics at baseline.

N
Surgery type, RYGB/SG
Age,y
Female sex
Male sex
Postmenopausal women
Male individuals aged 250 y
Height, cm
Weight, kg
BMI, kg/m?
Waist circumference, cm
Hip circumference, cm
Systolic blood pressure, mm Hg
Diastolic blood pressure, mm Hg
Administration of the study medication prior to surgery, d
Calciotropic hormones
Calcium, mmol/L
25(0OH)-vitamin D, nmol/L
PTH, pmol/L
QCT, mg/cm?®
Trabecular spine vBMD
Trabecular total hip vBMD
Trabecular femoral neck vBMD
DXA, g/cm?
Spine aBMD
Total hip aBMD
Femoral neck aBMD
Spine T-score
Total hip T-score
Bone turnover markers
CTX-1, pg/L
PINP, pg/L

Obesity [o ERYY 15 AV B

All INT CON

59 31 28

40/19 20/11 20/8

48.9 (6.3) 48.5(6.3) 49.3(6.5)
43 (72.9%) 19 (61.3%) 24 (85.7%)
16 (27.1.8%) 12 (38.7%) 4 (14.3%)
19 (32.2%) 8 (44.4%) 11 (45.8%)
9 (52.9%) 7 (53.8%) 2 (50.0%)
171 (8.7) 172.3 (8.6) 169.5 (8.4)
123.7 (18.0) 124.6 (20.9) 122.8 (14.4)
42.3(5.3) 41.8 (5.6) 42.8 (4.8)
126.8 (11.0) 126.6 (10.8) 123.4 (4.6)
132.4 (11.4) 130.2 (12.5) 134.8 (9.8)
131.1 (14.7) 134.4(17.9) 127.4 (9.0)
84.2 (8.9) 86.1(11.2) 82.1(4.7)
33(35.7) 26.3(21.0) 40.4 (46.2)
2.4(0.1) 2.4(0.1) 24(0.1)
724 (21.3) 70.1 (19.8) 74.8 (22.8)
7.8 (3.6) 7.7 (4.3) 7.9 (2.9)
147.9 (29.2) 151.3 (25.6) 144.0 (32.7)
163.6 (16.9) 164.5 (15.7) 162.0 (18.5)
165.7 (16.7) 165.2 (17.3) 165.2 (18.6)
1.100 (0.14) 1.089 (0.17) 1.113 (0.11)
1.103(0.12) 1.120 (0.12) 1.085 (0.12)
0.902 (0.12) 0.898 (0.12) 0.907 (1.11)
0.49 (1.29) 0.53(1.49) 0.39 (1.52)
1.20(0.98) 1.34(0.99) 1.05 (0.96)
0.26 (0.16) 0.27 (0.15) 0.25(0.16)
55.5(19.5) 55.6 (17.9) 55.5(21.5)

Note: Data are presented as means (SD). CON refers to the group treated with placebo, whereas INT refers to the group treated with zoledronic acid.
Abbreviations: aBMD, areal bone mineral density; CON, control; CTX-1, carboxy-terminal type | collagen; DXA, dual-energy x-ray absorptiometry; INT,
intervention; PANP, procollagen type | amino-terminal propeptide; PTH, parathyroid hormone; QCT, quantitative computed tomography; RYGB, Roux-

en-Y gastric bypass; SG, sleeve gastrectomy; vBMD, volumetric bone.

respectively, with no difference between the groups (p = 0.79). This
weight loss corresponded to an ~25% decrease in body weight and
mean (SD) loss of about —10.7 (3.5) kg/m? in terms of BMI compared
with baseline in both groups (p < 0.001).

Changes in lumbar spine BMD

The treatment effects of zoledronic acid on BMD at the lumbar spine,
total hip, and femoral neck, measured by QCT and DXA, are displayed
in Figure 2 and Table 2. Almost identical results were observed for the

adjusted and unadjusted analysis; therefore, only data for the adjusted
analysis are presented in the text, and the unadjusted analysis is
shown in Table 2.
For trabecular spine vBMD and spine aBMD,
between-group differences in favor of INT were observed: 6.8
mg/cm® (95% Cl: 1.9 to 11.7; p = 0.003) and 0.053 g/cm? (95%
Cl: 0.019 to 0.088; p = 0.002), respectively. Compared with base-
line, INT had an increase in spine vBMD (2.6%; p = 0.028) and
preserved aBMD (1.1%; p = 0.19), whereas CON had unchanged
vBMD (-2.0%; p=0.14) and a 3.3% in aBMD

(p < 0.004; Figure 2A).

significant

reduction
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FIGURE 2 Twelve-month mean delta changes from baseline, based on adjusted model means. Light gray and dark gray bars represent the
zoledronic acid and placebo groups, respectively. aBMD values are provided in grams per centimeters squared. CTX-1 and P1NP values are
provided in micrograms per liter. vBMD values are provided in milligrams per centimeters cubed. Significance levels between groups are denoted
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mineral density; CON, control; CTX-1, carboxy-terminal type | collagen; INT, intervention; PANP, procollagen type | amino-terminal propeptide;

vBMD, volumetric bone mineral density.

Changes in total hip BMD

For trabecular total hip vBMD and total hip aBMD, significant
between-group differences in favor of INT were observed:
50mg/cm® (95% Cl: 1.4 to 8.5 p=0.006) and 0.040 g/cm?
(95% Cl: 0.013 to 0.066; p =0.003), respectively. vBMD was
preserved in INT (-0.6%; p=0.46), whereas CON had a
3.6% reduction (p < 0.001). Both groups experienced significant
aBMD losses compared with baseline, although losses were larger
in CON than INT (aBMD: -34% vs. —-7.0%; p=0.003;
Figure 2B).

Changes in femoral neck BMD

For femoral neck aBMD, a significant between-group difference in
favor of INT was observed of 0.043 mg/cm? (95% Cl: —0.007 to
—0.078; p=0.018). CON had a reduction of 2.7% in vBMD
(p =0.019) and 5.7% in aBMD (p <0.001), whereas INT had
unchanged vBMD (0.0%; p = 0.99) and aBMD (—1.0%; p = 0.46)

compared with baseline (Figure 2C).

Bone turnover markers

Bone turnover markers are presented in Table 3 and Figure 2D. For
PINP, a significant between-group difference of —34.7 ug/L was
observed (95% Cl: —49.7 to —19.7; p < 0.001). In INT, PANP remained
stable (9.6%; p = 0.29), whereas CON had marked increases of 73.4%
compared with baseline (p < 0.001). Regarding CTX-1, we observed a
between-group difference of —0.18 pg/L (95% Cl: —0.32 to —0.04;
p = 0.013), with INT having less pronounced increases of 85.4%
(p < 0.001) compared with 165.6% (p < 0.001) in CON.

Change in markers of calcium homeostasis

Markers of calcium homeostasis are presented in Table 3. For serum
calcium, no between-group differences were observed 1 and
12 months after surgery. One month after surgery, INT had increased
PTH levels of 2.61 pmol/L (95% CI: 1.13 to 5.09; p = 0.039) com-
pared with CON. By 12 months, no differences were observed
between the groups (p = 0.76), with similar PTH levels compared with
baseline (p = 0.15 and 0.11, respectively).
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BONE LOSS PREVENTION AFTER BARIATRIC SURGERY

TABLE 4 AEsin CON and INT.

INT CON p value
AE 35(1.1£1.6) 27(0.9 £1.0) 0.92
SAE 13 (0.4 £ 1.0) 4(0.1+£04) 0.35
AR 19 (0.6 £ 0.6) 7(0.2+04) 0.02
SAR 0 0
INT CON
AE SAE AE SAE
Distribution of AEs and SAEs across specific medical categories
Cardiopulmonary 2 4 0 0
Gastrointestinal 7 9 8 4
Infectious diseases 13 0 6 0
Musculoskeletal 7 0 7 0
Skin 2 0 0 0
Urogenital 4 0 6 0
Description of reported adverse reactions
Flu-like symptoms 18 6
Myalgia 0 1
Syncope 1 0

Note: AEs, SAEs, and ARs recorded within the first year after surgery. Values
are presented as the numbers of occurrences (mean + SD). Significant
differences are based on the Fisher exact test. Additionally, the distribution of
AEs, SAEs, and ARs across specific medical categories is presented, detailing
the number of occurrences for each group. CON refers to the group treated
with placebo, whereas INT refers to the group treated with zoledronic acid.
Abbreviations: AR, adverse reaction; AE, adverse event; CON, control;
INT, intervention; SAE, serious adverse event; SAR, serious adverse
reaction.

Predictors of skeletal changes after bariatric surgery

For CON, we observed that the postoperative absolute weight loss
was correlated with the absolute declines in total hip aBMD (r = 0.65;
p < 0.001) and femoral neck aBMD (r = 0.60; p = 0.002), whereas
such correlations were not present in INT. In both groups, weight loss
was not correlated with changes in spine vBMD or aBMD. For CTX-1,
we observed an inverse correlation with change in spine aBMD
(r=—0.44; p = 0.017) in INT and CON (r = —0.49; p = 0.017), and,
additionally in CON, CTX-1 was also inversely correlated with the
changes in total hip (r=— 0.49; p=0.017) and femoral neck
(r=-0.48;p = 0.02).

Safety

Table 4 displays the reported adverse events, serious adverse events,
and adverse reactions recorded from inclusion to 1 year after surgery,
and these did not differ between the groups. Hypocalcemia was found
in two participants in INT 1 month after surgery (RYGB, n = 2),
whereas all had normal levels at 12 months. The prevalence of hypo-

calcemia did not differ between the groups (p = 0.50). The prevalence
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of elevated PTH levels (>9.2 pmol/L) was significantly higher in INT
compared with CON 1 month after surgery (11 vs. 2; p = 0.013), with
no difference at 12 months (6 vs. 3; p = 0.43). The number of adverse
reactions, predominantly flu-like symptoms, was significantly higher in
INT compared with CON (p = 0.02). No serious adverse reactions
were reported.

DISCUSSION

In this randomized, placebo-controlled study investigating the effects
of zoledronic acid after bariatric surgery, we found that a single infu-
sion of zoledronic acid increased spine bone mass and prevented bone
loss in the hip region, whereas those receiving placebo had significant
bone loss in the hip region. These results confirm our hypothesis that
zoledronic acid can prevent bone loss after bariatric surgery. Further-
more, our safety data were reassuring, indicating that treating patients
undergoing bariatric surgery with zoledronic acid is safe.

In the present study, we observed that CON had declines in BMD
1 year after surgery for the spine, hip, and femoral neck, ranging from
2.7% to 7.0% (except for spine vBMD), despite supplements with cal-
cium and vitamin D. This is consistent with previous findings
[3, 11, 12]. We observed that a single infusion of zoledronic acid had
bone-sparing effects on different skeletal sites. Spine vBMD was
increased, whereas spine aBMD was preserved. For the hip region,
the bone loss were either prevented or reduced. These results are
consistent with those from a pilot study, which showed that patients
who had risedronate administered for 6 months following SG pre-
vented bone loss in the spine, and this effect persisted at 12 months
after surgery [25].

Supervised exercise consisting of resistance exercise and/or high-
impact activities are treatment modalities that have shown promising
effects for the prevention of bone loss after bariatric surgery in
randomized-controlled studies. Intention-to-treat analyses showed
that bone loss in the spine [18], total hip [19] and femoral neck [19]
was attenuated within the first year following RYGB (n = 61) [18] or
RYGB/SG (n = 63) [19]. Per-protocol analysis showed that high
adherence to these types of exercise regimens (two to three sessions
weekly of 60-70 min) has effects similar to bisphosphonates
observed in our study and others [25] with bone loss in the spine
[17, 18] and femoral neck [18], whereas loss in the hip is blunted [17]
or unaffected [18]. Although bisphosphonates and exercise with high
adherence appear to have equal efficacy for preventing bone loss,
exercise has several limitations such as a low adherence rate [17-19],
the need for trained staff for supervised exercise, and the requirement
for specialized equipment, as well as the fact that some patients might
face challenges when engaging in exercise due to injuries or physical
limitations. We acknowledge that exercise has many health benefits;
however, exercise as a treatment strategy is unsuitable for many
patients. In contrast, we had 100% adherence to a single intravenous
dose of zoledronic acid.

We observed that rises in CTX-1 levels in CON 1 year after sur-
gery were associated with reductions in BMD for all bone sites. In
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INT, this association was only found for the lumbar spine. Further-
more, the rise in CTX-1 was blunted in INT compared with CON.
These results are consistent with the well-known mechanism by
which bisphosphonates prevent bone loss through the inhibition of
osteoclast activity. Additionally, mechanical unloading induced by
weight loss is a strong determinant for bone resorption after bariatric
surgery [5]. In accordance, we found a strong association between
body weight reduction and reduced BMD in CON. However, such
associations were absent following treatment with zoledronic acid,
indicating that antiresorptive treatment mitigates the impact of

mechanical unloading on bone resorption.

Safety

Our safety data indicate that treating patients undergoing bariatric
surgery with zoledronic acid is safe. Hypocalcemia is a concern when
using antiresorptive agents in these patients in part because the
absorption of calcium from the gut is lower due to the malabsorptive
and/or restrictive effects of surgery. In addition, bone turnover is
markedly increased after bariatric surgery, and treatment with an anti-
resorptive agent that lowers bone resorption and the efflux of calcium
to the circulation could lead to hypocalcemia. This could mimic a hun-
gry bone syndrome seen in other high bone turnover diseases in
which bone resorption is rapidly reduced, such as parathyroidectomy
in primary hyperparathyroidism or thyroidectomy in hyperthyroidism.
In this respect, our findings were reassuring because hypocalcemia
was only found in two participants in INT 1 month after surgery with-
out the need for specific treatment. Serum calcium was normal in all
participants when assessed 12 months after surgery. Similar findings
were observed in patients treated with risedronate after SG [25]. We
observed a significantly higher number of adverse reactions, predomi-
nantly caused by flu-like symptoms in patients administered zoledro-
nic acid compared with placebo, which is a well-known side effect of
zoledronic acid. None of these was considered serious or
unexpected [20].

Clinical applications and future research directions

Zoledronic acid is a relatively inexpensive treatment that is easy to
adhere to. Our findings demonstrate that zoledronic acid can be used
for the prophylactic management of bone loss in patients undergoing
bariatric surgery. In a clinical setting, however, it is unclear whether
patients undergoing bariatric surgery should receive bone-protecting
treatments in addition to supplements with calcium and vitamin
D. Despite substantial bone loss within the first year after surgery,
these patients generally have T-scores much greater than the osteo-
porotic range [3, 29]. This could lead to the conclusion that prophylac-
tic management of bone loss is unnecessary. In the years following
surgery, however, the age-related decline in BMD is accelerated, and
bone resorption remains increased for as long as 7 years after RYGB

[5, 13, 30]. Postmenopausal women, in particular, have greater bone

loss within the first year after RYGB compared with premenopausal
women and men [11]. Twenty-five percent of postmenopausal female
and male individuals aged 50 years or older had developed osteoporo-
sis 10 years after RYGB surgery [15]. Furthermore, it is evident that
fracture risk is increased as early as 2 years after surgery [6, 7], and
this risk appears to increase further with time from surgery [6, 7]. In
addition to declining bone mass, the increase in fracture risk may
relate to the high bone turnover state that follows bariatric surgery,
in which excessive bone resorption leads to deterioration of trabecu-
lar and cortical bone structures that are both important determinants
of bone strength independent of bone mass. Altogether, this indi-
cates that prophylactic treatment of bone loss may be relevant in
patients undergoing bariatric surgery. Treatment is likely not indi-
cated in all who are set for bariatric surgery, and the decision to treat
could be guided by common risk factors for fracture such as age,
gender, postmenopausal status, and BMD. Although evidence in
terms of fracture risk reduction is not available, candidates for zole-
dronic acid could be postmenopausal women and men who are older
than age 50 years with a hip T-score < 1.0. Furthermore, surgery
type may be an additional risk factor because RYGB is associated
with greater bone loss in the hip region compared with SG [3, 4].
Our subgroup analysis on the response to zoledronic acid between
RYGB and SG showed that only RYGB had a significant increase in
CTX-1 compared with SG (134% vs. 4%; p < 0.001; data not shown).
Over time, this increased bone resorption may lead to greater bone
loss in RYGB compared with SG. However, caution is warranted
when interpreting these results, as the subgroup analysis may have
introduced imbalances between groups in terms of age, gender, and
menopause status, which could have influenced the outcome. In this
setting, treatment with zoledronic acid can be used to prevent or
blunt the rapid bone loss in the first year after surgery and limit the
increase in bone turnover and, thereby, potentially preserve bone
structure. Whether treatment with zoledronic acid translates into
longer-term protection against bone loss or fracture remains to be
explored. Moreover, despite the blunted rise in CTX-1 in INT, CTX-1
was still 85.4% higher than baseline levels at the 12-month follow-
up. This indicates that a single preoperative infusion of zoledronic
acid (5 mg) is insufficient to fully suppress bone turnover in patients
undergoing bariatric surgery. More frequent administration might be
necessary to fully protect against bone loss, and such regimens could

be explored in future studies.

Strengths and limitations

This study has several strengths. It is the first, to our knowledge, suffi-
ciently powered, double-blinded, randomized-controlled study that
explores whether bisphosphonates can prevent bone loss in patients
undergoing bariatric surgery. We achieved a satisfactory 90% adher-
ence rate, with 53 out of 59 participants completing the 12-month
follow-up assessment. The inclusion of both QCT and DXA measure-
ments is a further strength because QCT measurement is less influ-

enced by obesity and changes in body composition in terms of
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providing accurate vBMD values. The accuracy and precision of DXA
measurement are compromised by obesity and extreme changes in
body composition [31]. However, DXA is the commonly used clinical
method to assess bone loss and fracture risk and serves as a clinically
relevant surrogate outcome [32]. One limitation of this study is the
heterogeneous group in terms of age, gender, and menopausal status.
This makes it difficult to extrapolate whether treatment with zoledro-
nic acid should be provided to all patients or to specific patients with
distinct attributes, such as postmenopausal women or patients
with specific risk factors for fractures. Another limitation is that incor-
porating both RYGB and SG in this present study might affect the
generalizability of the study’s results. We acknowledge that RYGB
and SG may have different effects on bone health, as evidenced by
greater bone loss in the hip region for RYGB [3, 4]. We addressed this
by stratifying groups with equal numbers of RYGB and SG in each
group. Additionally, there was an imbalance in the gender distribution
between INT and CON, with a higher proportion of men in INT. This
imbalance may have biased the results, as men are generally known to
experience less bone loss than women after bariatric surgery. Also,
postmenopausal women may have larger bone loss compared with
premenopausal women [11]. However, a sensitivity analysis in INT
indicated that men and women responded similarly to zoledronic acid,
and the same was observed in the comparison between pre- and post-
menopausal women (data not shown). Although these analyses sug-
gest that the treatment effect was similar across gender and
menopausal status, this remains a limitation that might have influ-

enced the overall results.

CONCLUSION

In summary, the results of this study demonstrate that zoledronic acid
increases bone mass in the spine and prevents bone loss in the hip
after bariatric surgery. In a clinical setting, selected patients with an
increased risk of fracture can safely be offered prophylactic treatment
with zoledronic acid to prevent bone loss.O
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