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Abstract

Bariatric surgery may negatively impact bone health. We aimed to compare fracture risk following bariatric surgery by type
(malabsorptive, restrictive), or to non-surgical weight loss, or to controls with obesity. We systematically searched four
databases from inception until October 2020. We included observational and interventional studies on adults. We screened
articles and abstracted data in duplicate and independently and assessed the risk of bias. We conducted random-effects model
meta-analyses (Review Manager v5.3), to calculate the relative risk of any or site-specific fracture (CRD42019128536).
We identified four trials of unclear-to-high risk of bias and 15 observational studies of fair-to-good quality. Data on fracture
risk following bariatric surgery compared to medical weight loss is scarce and limited by the small number of participants.
In observational studies, at a mean/median post-operative follow-up > 2 years, the relative risk of any fracture was 45%
(»<0.001) and 61% (p=0.04) higher following malabsorptive procedures compared to obese controls and restrictive pro-
cedures, respectively, with moderate to high heterogeneity. Site-specific relative fracture risk (hip and wrist) was one- to
two-folds higher post malabsorptive procedures compared to obese controls or restrictive procedures. The risks of any and
of site-specific fracture were not increased following restrictive procedures compared to obese controls. Fracture risk seems
to increase following malabsorptive bariatric surgeries, at a mean/median follow-up > 2 years. The risk is not increased
with restrictive surgeries. The available evidence has several limitations. A prospective and rigorous long-term follow-up of
patients following bariatric surgery is needed for a better assessment of their fracture risk with aging.
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DSS Diabetes Surgery Study

STAMPEDE  Surgical Therapy And Medications Poten-
tially Eradicate Diabetes Efficiently

SOS Swedish Obesity Study

aHR Adjusted hazard ratio

ICD International Classification of Disease

Introduction

Bariatric surgery is the most potent weight-reducing interven-
tion that leads to a significant and sustained weight loss [1]. In
addition, it improves or reverses various obesity-related comor-
bidities, including type 2 diabetes mellitus (DM), and decreases
mortality [2, 3]. It either solely restricts caloric intake, as with
laparoscopic gastric banding (LGB), or additionally impairs
nutrient absorption, as in Roux-en-Y gastric bypass (RYGB)
and biliopancreatic diversion (BPD), with or without a duode-
nal switch (BPD-DS) [4]. Sleeve gastrectomy (SG), currently
the most popular bariatric operation, causes various hormonal
changes that could affect nutrient absorption, yet it is mostly
considered a restrictive operation [5].

Bone loss and fracture risk following bariatric surgery
have recently received increasing interest in the literature
[6]. Bone loss is multifactorial. Prior to surgery, patients
often have type 2 DM and may be on antidiabetic drugs, such
as thiazolidinedione, that are notorious for an association
with osteoporosis and increased fractures [7]. Additionally,
obesity in men has been recognized as one of the causes of
adult-onset hypogonadism, leading to osteoporosis [8], with
evidence of improvement in some but not all bone health
parameters with testosterone supplementation in older men
with obesity [9]. Following surgery, bone loss may also be
related to decreased mechanical loading [10], and therefore
less mechanical strain on the skeleton [11, 12], malabsorp-
tion and/or restrictive intake of various nutrients, and poor
compliance to vitamin and mineral supplementation [13,
14]. Changes in the gut-brain axis and sex hormones also
play a significant role [6, 12]. For instance, leptin, estradiol,
and insulin levels decrease following bariatric surgery, and
this is associated with a deleterious impact on bone health
[6, 12, 15]. The role of changes in bone marrow adipos-
ity has been recently explored and might be a contributory
factor [10]. Muscle loss and increased risk of falling also
predict increased fracture risk [16].

Bone loss starts early following bariatric surgery. Sig-
nificant drop in areal and volumetric bone mineral density
(BMD) was described at 6-12 months post-operatively,
at both the total hip and lumbar spine, and further, drop
has been reported later, even after weight stabilization
[6, 15]. Deterioration in bone microarchitecture has also
been described [15]. Bone loss is expected to translate into
an increased fracture risk, as is the case in patients with
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accelerated bone turnover, such as women who are post-
menopausal and patients on glucocorticoids or hormonal
therapies for cancer [17-19].

Several previous systematic reviews/meta-analyses (SR/
MAs) on fracture risk following bariatric surgery have been
published [20-23]. They evaluated risk of any fracture
[20-22], or site-specific fracture [23], by combining all bari-
atric surgical procedures together, with one exception [23],
despite the differential impact of various surgical procedures
on bone health. In addition, some of them were criticized for
methodologic challenges.

The aim of this paper is to evaluate the risk of any and
site-specific fracture, in adults with obesity following spe-
cific bariatric surgical procedures, compared to each other,
by type (malabsorptive, restrictive), or to non-surgical
weight loss, or to controls with obesity.

Methods

The protocol of this SR/MA is published on PROSPERO
(CRD42019128536) [24] and follows the Preferred Report-
ing Items for SR/MA (PRISMA) guidelines.

Literature search

We conducted a systematic search in MEDLINE, PubMed,
EMBASE, and Cochrane Library, from inception until
October 2020, using MeSH terms and keywords relevant to
bariatric surgery and fractures. We also searched reference
lists of pertinent recent publications. For full details on our
search strategy, see Appendix 1.

Study selection and data abstraction

Four researchers (RS, DH, MG, and RKS) reviewed citations
and full texts in duplicate and independently. In case of discrep-
ancy, researchers sought advice from a content expert (MC and
RA). We included studies on adults (> 18 years old) with obesity
(mean body mass index [BMI] > 30 kg/m?), undergoing any of
the following bariatric surgeries: RYGB, mini-gastric bypass or
mini-bypass, gastric banding, SG, BPD, or BPD-DS. Given the
limited on the topic, we included trials and observational stud-
ies. We excluded studies on women who are pregnant, studies
where >25% of participants are on bone active agents or sys-
temic steroids, and those undergoing gastric surgery for a solid
malignancy. We also excluded papers written in Mandarin or
Japanese. For details regarding excluded studies and reason for
exclusion, see Appendix 2.

We abstracted data in duplicate and independently on
variables relevant to the study setting, population character-
istics, bariatric surgery, and fracture [24], using pilot tested
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data abstraction forms. We attempted to acquire missing data
by contacting corresponding authors via email. We assessed
the risk of bias (ROB) in duplicate and independently, using
the Newcastle—Ottawa Quality Assessment Scale (NOS) [25]
and Cochrane Collaboration tool [26] for observational stud-
ies and trials, respectively.

Analysis plan

For each comparison, we used random-effects model
meta-analysis when at least two studies were available for
a given outcome. We calculated the risk ratio (RR) and
95% confidence intervals (95% CI) of any fracture and
site-specific fractures following bariatric surgeries com-
pared to each other (malabsorptive versus restrictive),
or to intensive medical therapy (IMT), or to controls
with obesity, using the number of events in each group.
We analyzed trials and observational studies separately.
The primary analysis was divided according to mean/
median post-operative follow-up (<2 years or > 2 years),
given that bone loss seems to peak at 1-2 years after
surgery [6, 27, 28], although few studies have evaluated
BMD changes at different time points post-operatively
[28, 29]. This was not described in the initial protocol
[24] but implemented during the analysis. We calculated
the incidence of fractures per 100 individuals (/%), to
allow comparability across studies. The calculation was
based on the event rates provided in studies, using the
formula /% = (Number of Events/Total Population) X 100
[30]. We used Review Manager v.5.3 to calculate RR and
assessed statistical heterogeneity between studies using
I? and chi square, with significance at p-value <0.05.
We conducted sub-group analyses by restrictive proce-
dure type, SG versus other purely restrictive procedures
(gastric banding, vertical banded gastroplasty [VBG]),
provided the number of studies allows. For the latter
analyses, for studies including both SG and other restric-
tive procedures, we divided the comparator group evenly
between the two sub-groups in the forest plot, to avoid
double-counting. When sub-group analysis was not pos-
sible, we conducted sensitivity analysis targeting SG
and excluding other restrictive procedures. This was not
described a priori in the protocol but implemented dur-
ing the analysis.

Results

Our search identified 2,802 citations, from which we
selected 151 for full text screening. We included two rand-
omized controlled trials (RCTs), each with several publica-
tions at different time points [31-35], two non-randomized

clinical trials (NRCT) [36, 37], two prospective studies
[38, 39], one cross-sectional study [40], and 12 retrospec-
tive studies [41-52] (Flow Diagram in Appendix 3). These
studies examined fracture risk as a primary or secondary
outcome for observational studies, and as adverse events
for trials. Studies were conducted in the United States and
Europe, except for two cohorts from Taiwan, and three
studies one from each of Brazil, Canada, and Turkey
(Table 1).

Studies included mostly women (57-100%), with a
mean age ranging between 32 and 67 years. Only five
cohorts described ethnicity [31, 32, 34-36, 40, 43], and it
was Caucasian for most enrolled participants. The mean/
median pre-operative BMI of patients ranged between 35
and 50 kg/m?, while post-operative BMI was not consist-
ently reported (Table 1). The most described co-morbidi-
ties were DM, hypertension, and hyperlipidemia. Less than
half of the studies described calcium and vitamin D sup-
plementation, and such supplements were reported to be
taken by all participants only in a few studies (Appendix
4). Six studies reported results at 1-2 years post-surgery
[32, 34, 36, 38, 39, 47], while the mean/median follow-
up in long-term studies varied between 2.2 and 18 years
(Table 1). Four studies reported the time to fracture, and it
was at a mean/median follow-up of 3.0-7.6 years [42—44,
48] (Table 1).

Surgical procedures, RYGB or SG for most studies, were
compared to each other, to IMT, or to a control group with
obesity. Exceptionally, two studies did not describe the
specific type of bariatric surgery, and therefore, we only
described them narratively in Appendix 6 [42, 43]. IMT
consisted of lifestyle modification [31, 32, 34-36, 38];
counseling by registered nurses, dieticians, and physicians;
weight monitoring; DM management [31, 32, 34-36]; or the
use of weight loss medications (incretin analogues [31, 34,
35], Orlistat or Sibutramine [38]). Two of the trials included
a physical activity component, one promoting progressively
increasing moderate-intensity daily exercise to 325 min per
week [32, 33], and the other including a 1-year lifestyle pro-
gram comprising four stays (total seven weeks) at a rehabili-
tation center specializing in the care of patients with mor-
bid obesity, with 3—4 h of daily organized physical activity
programs (intensity not specified) [36]. One study enrolled
patients in a 17-week weight loss program including very
low-calorie diet [44].

Funding and conflict of interest were detailed in RCTs
[31-35] and the majority of observational studies with a
post-operative follow-up > 2 years [37, 41-43, 45, 48-52],
but inconsistently described in short-term studies [38, 39,
47] (Appendix 4). ROB assessment showed that both RCTs
and NRCTs were of unclear [32, 33] to high [31, 34-37]
risk, and observational studies were mostly of fair-to-good
quality (Table 1 and Appendix 5).
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Table 1 Summary of included trials and observational studies describing fracture risk following bariatric surgery

Author N per arm Age Sex BMI Follow-up Time to fx Risk of bias'
Year Mean (SD) % Women Mean (SD) kg/m2 Mean (SD) years
Country years years
Before treat- After treat-
ment ment
Studies with mean/median follow-up <2 years post operatively
Observational Studies
Guney 2003 VBG 16 VBG 34.2 82-88 VBG 46.4 (0.8) VBG 34.8 1 (NA) NA 2-0-1
Turkey [38] IMT 65 (7.5) IMT 36.3 (0.6) 0.7) Fair quality
IMT 41.2 IMT 31.2
4.3) (0.5)
O’Keefe 2010 RYGB 157 67.3 (2.3) 72 RYGB 48.5 RYGB 32.7 1 (NA) NA 2-0-2
USA [47] AGB 34 (6.6) 5.9 Fair quality
SG6 AGB 45.9 (6.9) AGB 39.4
SG 50.0 (12.0) (7.0)
SG42.0 (8.4)
Muschitz 2015 RYGB 52 Median (IQR) 100 Median (IQR) Median (IQR) 2 (NA) NA 2-0-2
Austria [39] SG 38 RYGB 40.0 RYGB 43.4 RYGB 23.8 Fair quality
(32,47) (404, 48.0) (19.3, 26.3)
SG 41.0 (34, SG45.7(42.2, SG239
48) 50.8) (19.1, 25.8)
Non-randomized Controlled Trials
Hofsg 2010 RYGB 76 RYGB 42.8 70 RYGB 46.7 Change in 1 (NA) NA High risk
Norway [36] IMT 63 (10.5) 5.7 BMI
IMT 47.0 IMT 43.3 (5.00 RYGB-14.0
(11.0) 4.1
IMT -3.7
4.2)
Randomized Controlled Trials
DSS RYGB 60 RYGB 49.0 57-63 RYGB 34.9 RYGB 26.5 Upto2 1-2 Unclear
Tkramuddin? IMT 59 9.0) (3.0) (5.4)
2015 USA IMT 49.0 IMT 34.3 (3.1) IMT 31.8
and Taiwan (8.0) 6.7)
[32]
STAMPEDE RYGB 18 48.0 (4.0) 59 36 (1) Median (IQR) Upto 2 NA High risk
Maghrabi*2015 SG 19 % weight
USA [34] IMT 17 decline (Kg)
RYGB 25.3
(18.3, 32.0)
SG234
(17.1,27.1)
IMT 0.3
(-1.2,3.6)
Studies with mean/median follow-up > 2 years post operatively
Observational Studies
Costa 2015 RYGB 56 RYGB 36.4 74-84 RYGB 41.8 RYGB 28.2 2.8 (1.3) NA 2-2-0
Brazil [40] Controls* 27 (8.5) 4.7 4.2) Fair quality
Controls* 36.9 Controls* NA  Controls* 27.2
9.6) 4.2)
Lalmohamed RYGB 613 Bariatric 44.6  84-85 Bariatric 43.2 NA 22-23 NAS 3-2-2
2012 AGB 1,249 (11.1) (7.2) (2.1-2.2) Good quality
UK [45] Other 217 Controls* 44.9 Controls* 40.8
Controls* (11.2) (6.4)
10,442
Douglas 2015 Bariatric® 45.0 (11.0) 81-82 Bariatric 44.7 NA 3424 Median 4-2-3
UK [42] 3,882 (8.8) 3.0-3.1 Good quality
Controls* Controls* 42.1
3,882 (6.5)
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Table 1 (continued)
Author N per arm Age Sex BMI Follow-up Time to fx Risk of bias'
Year Mean (SD) % Women Mean (SD) kg/m2 Mean (SD) years
Country years years
Before treat- After treat-
ment ment
Lu 2015 MP 289 Bariatric 31.8 64 NA NA 4.8-4.9 NA’ 4-2-2
Taiwan [46] RP 1,775 9.2) (2.1-2.3) Good quality
Controls* Controls* 31.9
5,027 9.9)
Rousseau 2016  2001-2014:  2001-2014: 2001-2014:  NA in database NA 2001-2014:  2001-2014:  3-1-3
Canada [48] Bariatric Bariatric 42.6 72 used for study 4.4 (NA) Median Good quality
12,676 (11.0) 2006-2014: Range (1-13)  (IQR)
Controls* Controls* 42.7 AGB 74 2006-2014: 3.9 (1.6-5.8)
38,028 (11.0) SG 60 AGB: 3.1
2006-2014 2006-2014 RYGB 71 (NA), range
AGB 3,887 AGB 42.7 BPD 70 (1.8-4.8)
SG 2,554 (11.6) Controls* NA SG: 1.3
RYGB 873 SG 45.0 (NA), range
BPD 1,986 (11.4) (0.6-2.5)
Controls* RYGB 43.3 RYGB: 2.7
27,900 (10.5) (NA), range
BPD 42.7 (1.1-5.2)
(10.7) BPD: 4.4
Controls* NA (NA), range
(2.5-6.1)
Controls*:
NA
Yu 2017 RYGB 7,516 RYGB 43.6 79 NA NA RYGB 2.3 NA® 3-2-2
USA [50] AGB 7,516 (10.4) (1.8) Good quality
AGB 43.5 AGB 2.3
(10.5) (1.9)
Axelsson’ 2018 RYGB 38,971 RYGB 41.0 66-79 RYGB 42.4 NA Median (IQR) NA'° 2-2-2
Sweden [41] Controls* (11.1) 5.5) 3.1(1.7,4.6) Fair quality
38,971 Controls* 40.9 Controls* NA
(11.2)
Javanainen RYGB 253 Median (IQR) 67-72 Median (IQR) NA RYGB 6.8 Mean (SD) 2-2-2
2018 SG 142 RYGB 47.0 RYGB 47.5 1.4) RYGB Fair quality
Finland [44] IMT 199 (41.5, 54.0) (43.7, 52.6) SG6.9(1.5) 45(2.3)
SG 48.0 (40.0, SG 47.9 (43.8, IMT 13.3 SG39(2.)5)
57.0) 54.7) 2.4) IMT 6.2 (4.4)
IMT 48.5 IMT 40.2
(38.1,55.4) (37.6,4.1)
Fashandi 2018  Bariatric Bariatric 43.0 81-82 Bariatric 48.2 NA 7.6 (5.6) Mean (SD) 2-2-2
USA [43] 1,940 (10.0) (8.2) Bariatric 8.2 Fair quality
Controls* Controls* 43.0 Controls* 49.2 (6.0)
1,940 (14.0) (11.5) Controls* 9.0
(7.2)
Yu 2019 RYGB 12,183 RYGB 540 78 NA NA i NA!2 422
USA [49] AGB 12,183 (12.0) RYGB 3.3 Good quality
AGB 54.0 2.2)
(12.0) AGB 3.9
@.1)
Paccou2020  RYGB 14,532 RYGB 49.1  74-81 % with NA RYGB 6.2 NA™ 4-2-2
France [52] AGB 5,178 (6.5) BMI> 50 kg/ (NA) Good
SG 18,635 AGB 48.4 m? AGB 6.8 quality
VBG 2,647 (6.5) RYGB 12.2 (NA)
Controls* SG 49.1 (6.7) AGB 8.9 SG 5.8 (NA)
40,992 VBG 49.7 SG 13.3 VGB 7.6
6.7) VGB 18.1 (NA)

Controls* 49.1
(6.6)

Controls* 31.8

Controls* 5.3
(NA)
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Table 1 (continued)

Author N per arm Age Sex BMI Follow-up Time to fx Risk of bias'
Year Mean (SD) % Women Mean (SD) kg/m2 Mean (SD) years
Country years years
Before treat- After treat-
ment ment
Khalid 2020 RYGB 16,371 % per cat- 75 NA NA Total NA 4-2-2
USA [51] SG 16,371 egory 3.0 Good
Controls* <64y 72.0 quality
16,371 65-69y 25.8
70-74y 2.1
75-79y 0.1
Non-randomized Controlled Trials
SOs™ RYGB 266  RYGB47.0  69-71 RYGB 43.8 NA Median (IQR) NA'3 High risk
Ahlin 2020 Gastric band-  (6.0) (5.2) 15.1-17.9
Sweden [37] ing Gastric band- Gastric band- (7.2-14.2,
376 ing ing 19.1-20.8)
VBG 1,365 47.6 (6.0) 41.7 (4.3)
Controls* VGB 47.1 VGB 42.3 (4.3)
2,040 (5.9) Controls* 40.1
Controls* 48.7 @.7)
(6.3)
Randomized Controlled Trials
STAMPEDE RYGB 49 RYGB 48.2 57-77 RYGB 37.0 NA 5 (NA) 10/11 High risk
Schauer™ 12 SG 47 (8.5) 3.4 fractures
2017 IMT 38 SG48.1 (8.1) SG 36.0 (3.9) sustained at
USA [35] IMT 50.2 IMT 36.4 (3.0) 1-2 years
(7.7) post-op)

Abbreviations: AGB, adjustable gastric banding; BMI, body mass index; Bariatric, bariatric surgery; fx, fracture; IMT, intensive medical therapy;
IQR, interquartile range; MP, malabsorptive procedures; NA, not available; RP, restrictive procedures; RYGB, roux-en-y gastric bypass; SG,
sleeve gastrectomy; VBG, vertical-banded gastroplasty; y, year(s)

For observational studies, we used the Newcastle-Ottawa Quality Assessment Scale (NOS) [25] and we presented the assessment per domain:
selection of study groups, comparability of groups and ascertainment of exposure/outcome; for trials, we used the Cochrane Collaboration tool
[26]. *Diabetes Surgery Study (DSS). This is the exact same cohort as Ikramuddin 2018 [33], which had a 5-year follow-up but with 18% loss
to follow-up. 3Surgical Therapy And Medications Potentially Eradicate Diabetes Efficiently (STAMPEDE) trial. *Controls with obesity. "Non-
significant trend of increased risk at>3-5 years. ® Each analysis population consisted of patients without the condition of interest at the start
of follow-up, for any fracture N bariatric=3,447 and N controls with obesity =3,535; for hip fracture N bariatric=3,686 and N controls with
obesity =3,749; for wrist fractures N bariatric=3,486 and N controls with obesity =3,566; for spine fractures N bariatric =3,694, and N con-
trols with obesity =3,753. "Trend of increased risk at 1-2 years. ®Progressively increased risk at>2 years with highest risk at>5 years. °* We
combined the age of patients with and without diabetes for each study arm, same for BMI. '®Risk increased at> 1 year regardless of Diabetes
status.''Kaplan Meier curve: Increasing and diverging RYGB and AGB lines starting at 2 years. '> Follow up provided is for the unmatched
cohort, it is unavailable for the matched cohort. '>RYGB vs. controls: Risk progressively increased at> 3 years. This was not found for other pro-
cedures. “Swedish Obesity Study. '*One extra fracture was reported in an ancillary report of the STAMPEDE trial [31] at 5 years

Risk of any fracture group), and self-reported as adverse events [31, 34, 35]. All
fractures in DSS were reported as adverse events [32, 33].
Fractures in the groups with bariatric surgery occurred at
1-2 years in both studies (STAMPEDE RYGB =4, SG=2;

DSS RYGB =5), and during the 5-year follow-up, one

Malabsorptive or restrictive procedures versus IMT

Clinical trials Two open-label RCTs, the Diabetes Surgery
Study (DSS) [32, 33] and the Surgical Therapy And Medi-
cations Potentially Eradicate Diabetes Efficiently (STAM-
PEDE) trial [31, 34, 35], randomized patients with obesity
and DM to IMT alone or to IMT combined with bariatric
surgery, RYGB in the former [32, 33], and RYGB or lapa-
roscopic SG in the latter [31, 34, 35]. In STAMPEDE, all
fractures were described as “spontaneous” peripheral limb
fractures (except for two traumatic fractures in the IMT
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additional lower extremity fracture was reported in the SG
group in STAMPEDE [35], and none was reported in DSS
[32, 33]. The number of fractures in all arms was too small
in both studies, and since IMT was not similar between
studies, we were unable to pool results into a meaningful
meta-analysis.

Similarly, the number of fractures was too small in the
I-year NRCT that compared RYGB (one phalange
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fracture) to IMT (one ankle fracture), and no conclusions
could be drawn from it [36].

Observational studies Two studies compared the risk
of any fracture post bariatric surgery to that in individu-
als with obesity on IMT [38, 44]. The first, a small 1-year
study comparing VBG to IMT, reported no fractures [38].
In the second, a larger study with a longer follow-up (mean
7-13 years), the incidence of any fracture was 12.3% and
7.7% following RYGB and SG, respectively (mean time to
fracture 4.2 years), and 8.5% in the IMT arm (mean time to
fracture 6.2 years), p=0.257 [44].

Malabsorptive procedures versus controls with obesity

Clinical trials We did not identify any study with mean/
median post-operative follow-up <2 years examining this
comparison. In the long-term Swedish Obesity Study (SOS)
NRCT (median follow-up 15.1-17.9 years), the adjusted
hazard ratio (aHR) of any fracture post RYGB was 2.99
(95% CI12.28-3.91), compared to that in controls with obe-
sity, adjusting for age, sex, smoking, alcohol, early meno-
pause, history of previous fracture, and inclusion year [37]
(Table 2). The risk of fracture increased after 3 years of
follow-up [37].

Observational studies Eight observational studies assessed
the incidence of any fracture post malabsorptive procedures
(total N=76,199; RYGB [40, 41, 43, 45, 46, 48, 51, 52],
laparoscopic gastroenterostomy, other gastroenterostomy
without gastrectomy [46], or BPD [48]), compared to con-
trols with obesity (total N=141,670), at a mean/median
post-operative follow-up of 2.2 to 9 years [40, 41, 43, 45, 46,
48, 51, 52]. The pooled RR of any fracture was 1.45 (95%
CI 1.11-1.89, I=93%), favoring the control group (Table 2,
Fig. 1). One of the studies reported that the risk of any frac-
ture increased in the RYGB group, compared to a matched
control group with obesity, regardless of the presence or
absence of DM [41]. In a sensitivity analysis, we excluded
the study with the shortest post-operative follow-up (mean
2.2 years) and the only one reporting a trend for a lower risk
of fracture post malabsorptive surgery compared to controls
with obesity [45]. However, results did not differ (RR 1.54,
95% CI1.17-2.03, *= 94%). In another sensitivity analysis,
excluding fair-quality studies, the pooled RR became 1.33
(95% C10.88-2.00, I*=95%).

Restrictive procedures versus controls with obesity

Clinical trials We did not identify any study with a post-
operative follow-up <2 years examining this comparison.
In the long-term SOS NRCT, the aHRs of any fracture post
VBG and gastric banding were of borderline significance,

1.26 (95% CI 1.03-1.53), and 1.36 (95% CI 1.00-1.85),
respectively, compared controls with obesity (Table 2) [37].

Observational studies Five good-quality observational stud-
ies assessed the incidence of any fracture at a mean/median
follow-up > 2 years following restrictive procedures (total
N=152,296; gastric banding [45, 48, 52], VBG [52], SG [46,
48, 51, 52], gastrectomy, gastroplasty, repair of stomach, or
other operations on the stomach [46]), compared to controls
with obesity (total N=100,732). The risk of any fracture was
not significantly different across comparators, but there was
a trend for a lower risk following restrictive procedures, RR
0.93 (95% CI 0.68-1.26, I’=93%) (Table 2, Fig. 2). The
result did not change in a sensitivity analysis excluding the
study with the shortest follow-up duration (mean 2.2 years)
[45] (RR 0.90, 95% CI 0.60-1.33, I’=96%). Sub-group
analysis by restrictive procedure type (purely restrictive
procedures versus SG) did not show significant differences
across sub-groups (p =0.12) (Fig. 2).

Malabsorptive procedures versus restrictive procedures

Clinical trials The incidence of any fracture following mal-
absorptive compared to restrictive surgeries was reported
in the STAMPEDE trial at 2 [34] and 5 years [31, 35] of
follow-up, and in the SOS NRCT. There was a trend for a
greater incidence of fractures post RYGB (22.2%) compared
to SG (10.5%) at 2 years in STAMPEDE [34], but the differ-
ence became less obvious at 5 years (8.2% vs. 6.4%, respec-
tively) [35], p-value unavailable (Table 2). In the long-term
SOS, aHRs of any fracture post RYGB were 2.37 (95% CI
1.78-3.16) compared to VGB and 2.2 (95% CI 1.51-3.19)
compared to LGB (Table 2) [37].

Observational studies The incident of any fracture fol-
lowing malabsorptive procedures, compared to restrictive
surgery, was reported in 11 observational studies, two at
a mean/median follow-up of 1-2 years [39, 47] and nine
at a follow-up extending > 2 years post-operatively [44—46,
48-52].

At 1-2 years post-operatively, fractures were infrequent (one
hip fracture post SG in one study [47] and two peripheral
limb fractures post RYGB in another [39]) and no conclu-
sion could be drawn. However, at a mean/median follow-
up > 2 years, in eight observational studies, the risk of any
fracture was 61% higher following malabsorptive procedures
(total N=55,184; RYGB [44, 45, 48-52], BPD [48] or gas-
tric bypass, gastroenterostomy [46]), compared to restrictive
ones (total N="72,137; gastric banding [45, 48-50, 52], SG
[44, 46, 48, 51, 52], VGB [52], gastrectomy, gastroplasty,
repair of the stomach, operations on the stomach [46]), RR
1.61 (95% CI 1.42-1.83, I’=50%) (Table 2 and Fig. 3).
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Table 2 Summary of results on the risk of any and site-specific fracture following bariatric surgery'

Study type Comparison

Malabsorptive surgery Restrictive surgery vs

vs controls with obe-
sity (ref)

controls with obesity

(ref)

Sleeve gastrectomy vs Malabsorptive

controls with obesity

(ref)”

surgery vs restrictive
surgery (ref)

Malabsorptive surgery
vs sleeve gastrectomy

(ref)’

Any fracture at a mean/median post-operative follow-up <2 years

RCTs -
Observational studies —

Any fracture at a mean/median post-operative follow-up > 2 years

RCTs -
Non-randomized One study [37] aHR*
trials 2.99 (2.28-3.91)

Observational studies Pooled RR [40, 41,
43,45, 46, 48, 51,
52]11.45 (1.11-

1.89), I’=93%

One study [37] aHR*

Banding (ref.): 1.36
(1.00-1.85)

VBG (ref.): 1.26
(1.03-1.53)

Pooled RR [45,
46, 48, 51, 52]
0.93 (0.68-1.26),
P=93%

Pooled RR [48, 51,
52]

0.72 (0.47-1.11),
2=92%

Site specific fractures at a mean/median post-operative follow-up > 2 years

Hip
Non-randomized One study [37]
trials aHR*®

3.1 (1.18-8.12)

Pooled RR [41, 51,
52]

1.99 (1.00-3.94),
?=88%

Observational studies

Vertebral

One study [37] aHR*

3.02 (1.20-7.63)

Pooled RR [51, 52]

0.94 (0.79-1.13),
P=0%

Non-randomized
trials
Observational studies

Humeral

Non-randomized
trials

Observational studies

One study [37]
aHR*®

2.06 (1.09-3.9)

Pooled RR [41, 51,
52]

1.15 (0.78-1.68),
P=88%

One study [37] aHR*’

Banding (ref): 0.81
(0.23-2.91)

VBG (ref): 1.6
(0.92-2.78)

Pooled RR [51, 52]

0.69 (0.36-1.33),
P=81%

One study [37] aHR?

Banding (ref): 3.72
(1.63-8.48)

VBG (ref): 1.31
(0.61-2.80)

Pooled RR [51, 52]

0.86 (0.41-1.83),
P=92%

Pooled RR [51, 52]
0.64 (0.37-1.12),
P=68%

Pooled RR [51, 52]
0.77 (0.44-1.36),
P=82%

One study [37] aHR* —

Banding (ref): 1.18
(0.56-2.48)

VBG (ref): 0.85
(0.51-1.41)

Pooled RR [51, 52]

0.66 (0.48-0.91),
P=62%

Pooled RR [51, 52]
0.60 (0.49-0.74),
P=0%

One study3 [34] 1%:
22.2vs 10.5

Pooled RR [39, 47]

0.59 (0.01-23.71),
P=65%

One study?® [35] 1%:
8.2vs 6.4

One study3 [34] 1%:
22.2vs 10.5

One study [39] 1%: 3.8
vs 0.0

One study® [35] 1%: 8.2
vs 6.4

One study [37] aHR* —

Banding (ref.): 2.20
(1.51-3.19)

VGB (ref.): 2.37
(1.78-3.16)

Pooled RR [44—46,
48-52]

1.61 (1.42-1.83),
P=50%

One study [37] 1%>:
3.0vs 1.7

Pooled RR [49-52]

2.08 (1.64-2.65),
P=23%

One study [37] 1%:
23vs 1.3

Pooled RR [51, 52]

1.19 (0.68-2.09),
P=79%

One study [37] 1%°:
4.1vs 1.8

Pooled RR [49-52]

1.28 (0.96-1.70),
P=46%

Pooled RR [44, 48,
51,52]

1.89 (1.64-2.91),
=21%

One study [43] OR

2.18 (1.05-4.53)

Pooled RR [51, 52]
2.41 (1.77-3.29),
P=0%

Pooled RR [51, 52]
1.36 (0.95-1.94),
P=45%

Pooled RR [51, 52]
1.57 (1.27-1.95),
P=0%

Sub-group analysis by restrictive procedure type showed sig-
nificant difference across sub-groups, p-value 0.01 (Fig. 3).
The risk of any fracture following malabsorptive procedures,
compared to SG, was increased by 89%, RR 1.89 (95% CI
1.64-2.19, ’=21%) (Table 2 and Fig. 3), while compared
to gastric banding and VBG, the risk only increased by 50%,
RR 1.50 (95% CI 1.33-1.69, I*=0%), p-value 0.01 (Fig. 3).

@ Springer

Excluding one fair-quality study in a sensitivity analysis did
not affect the results (data not shown). One study that did not
provide the incident number of fractures per surgical proce-
dure, and therefore was not included in the meta-analysis,
reported an OR of 2.18 (95% CI 1.05-4.53) for any frac-
ture, at> 7.6 years post RYGB (N=2,730), compared to SG
(N=268) [43] (Table 2). One study compared the risk of
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Table 2 (continued)

Study type Comparison
Malabsorptive surgery Restrictive surgery vs  Sleeve gastrectomy vs Malabsorptive Malabsorptive surgery
vs controls with obe-  controls with obesity  controls with obesity  surgery vs restrictive  vs sleeve gastrectomy
sity (ref) (ref) (ref)? surgery (ref) (ref)?
Forearm/Wrist
Non-randomized One study [37] aHR* One study [37] aHR* - One study [37] -
trials 5.1 (3.22-8.1) Banding (ref): 2.08  One study [52] aHR?® 1%:13.5 vs. 3.4 One study [52] 1%: 1.1
Observational studies One study [52] aHR®  (1.18-3.64) 1.20 (0.92-1.57) Pooled RR [49, 50, vs 0.5
2.40 (1.93-2.99) VBG (ref): 1.1 52]
(0.72-1.69) 1.75 (1.33-2.32),

One study [52] aHR® P’=67%
SG: 1.20 (0.92-1.57)
AGB: 1.03 (0.68—
1.55)
VBG: 1.09 (0.67-

1.76)

Abbreviations: aHR, adjusted hazard ratio; CI, confidence interval; DM, diabetes mellitus; HR, hazard ratio; /MT, intensive medical therapy; P,
heterogeneity statistic; 1%, percent incidence calculated as 100 X number of event/total population; OR, odds ratio; RCTs, randomized controlled
trials; Ref., reference; RR, pooled relative risk; VBG, vertical banded gastroplasty

Malabsorptive surgery: roux-en-y-gastric bypass used in the majority of studies, or high gastric bypass, laparoscopic gastroenterostomy, or other
gastroenterostomy without gastrectomy, or Wittgrove & Clark’s surgery

Restrictive surgery: sleeve gastrectomy, gastrectomy, gastroplasty, repair of stomach or other operations on the stomach, gastric banding, vertical
sleeve gastrectomy, and vertical banded gastroplasty

'Results are expressed as pooled RR (95% CI, I?), when a meta-analysis was possible, or as individual study data reported as aHR or OR (95%
CI), or as reported/calculated /% when a meta-analysis was not possible. Significant results are in bold. For calculated incidences, p-value is
not available. >Analyses including a sleeve gastrectomy arm were conducted as part of a sensitivity analyses. *Surgical Therapy and Medica-
tions Potentially Eradicate Diabetes Efficiently (STAMPEDE) trial. *Adjusted for age, sex, smoking, alcohol intake, early menopause, history of
previous fracture, and inclusion year. Proximal leg and hip. *Proximal humerus. ’Study by Axelsson et al. used “Upper Limb fractures” and not
specifically humerus. ®Adjusted for history of previous fracture

Surgery: Malabsorptive  Controls: with Obesity Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Axelsson 2018 1019 38971 774 38971 16.7% 1.32 [1.20, 1.44] -
Costa 2015 0 56 0 27 Not estimable
Fashandi 2018 125 1940 53 1940 13.7% 2.36 [1.72, 3.23]) N
Khalid 2020 523 16371 562 16371 16.5% 0.93 [0.83, 1.05] -
Lalmohamed 2012 9 613 207 10442 8.3% 0.74 [0.38, 1.44] —_—r
Lu 2015 29 289 374 5027 13.0% 1.35 [0.94, 1.93] Bl
Paccou 2020 292 14532 416 40992 16.2% 1.98 [1.71, 2.30] -
Rousseau 2016 117 3427 514 27900 15.6% 1.85 [1.52, 2.26) ==
Total (95% CI) 76199 141670 100.0% 1.45 [1.11, 1.89] <&
Total events 2114 2900
gt 2 _ o 2 _ _ 2 i L " y
Heterogeneity: Tau? = 0.11; Chi* = 89.83, df = 6 (P < 0.00001); I = 93% o1 o1 10 100

Test for overall effect: Z = 2.75 (P = 0.006) Controls: with Obesity Surgery: Malabsorptive

Fig. 1 Forest plot of the risk of any fracture following malabsorptive bariatric surgery, compared to controls with obesity, at a mean/median
duration of post-operative follow-up greater than 2 years in observational studies

non-vertebral fractures after RYGB and AGB stratified by
DM status and found no significant interaction [49].

gastric banding [48, 52] and VBG [52]). The pooled RR
was 0.69 (95% CI 0.56-0.84, I’=0%) (Appendix 7 Fig. 1).

Risk of hip fracture
Sleeve gastrectomy versus other restrictive procedures
Nine studies reported on hip fracture risk following bariat-

Two long-term good-quality observational studies reported
on the risk of any fracture post SG (total N=21,189) com-
pared to other restrictive procedures (total N=11,712;

ric surgery [37, 41, 42, 47-52]. All but one [47] assessed
the risk at>2 years post-operatively [37, 41, 42, 48-52]
(Table 2 and Appendix 6).
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Surgery: Restrictive

Controls: with Obesity

Risk Ratio

Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
2.1.1 Gastric Banding and/or Vertical Banded Gastroplasty
Lalmohamed 2012 21 1249 207 10442 12.0% 0.85 [0.54, 1.32] —
Paccou 2020 110 7825 208 20496 14.7% 1.39 [1.10, 1.74] =
Rousseau 2016 80 3887 257 13950 14.5% 1.12 [0.87, 1.43] T
Subtotal (95% CI) 12961 44888 41.2% 1.15 [0.91, 1.47] <>
Total events 211 672
Heterogeneity: Tau? = 0.02; Chi® = 4.16, df = 2 (P = 0.13); I’ = 52%
Test for overall effect: Z = 1.16 (P = 0.25)
2.1.2 Sleeve Gastrectomy
Khalid 2020 297 16371 562 16371 15.5% 0.53 [0.46, 0.61] -
Paccou 2020 183 18635 208 20496 15.0% 0.97 [0.79, 1.18] -
Rousseau 2016 35 2554 257 13950 13.3% 0.74 [0.52, 1.06] —
Subtotal (95% CI) 37560 50817 43.7% 0.72 [0.47, 1.11] il
Total events 515 1027
Heterogeneity: Tau? = 0.13; Chi® = 24.65, df = 2 (P < 0.00001); I> = 92%
Test for overall effect: Z = 1.50 (P = 0.13)
2.1.3 Restrictive procedures (specific procedure not defined)
Lu 2015 154 1775 374 5027 15.1% 1.17 [0.97, 1.40] [
Subtotal (95% CI) 1775 5027 15.1% 1.17 [0.97, 1.40] »
Total events 154 374
Heterogeneity: Not applicable
Test for overall effect: Z = 1.68 (P = 0.09)
Total (95% CI) 52296 100732 100.0% 0.93 [0.68, 1.26] -
Total events 880 2073
o v o . e = o 1R ! i I 1
Heterogeneity: Tau® = 0.16; Chi’* = 81.27, df = 6 (P < 0.00001); I = 93% o1 o1 10 100

Test for overall effect: Z = 0.48 (P = 0.63)
Test for subgroup differences: Chi’ = 4.28, df = 2 (P = 0.12), I> = 53.3%

Surgery: Restrictive Controls: with Obesity

Fig.2 Forest plot of the risk of any fracture following restrictive bariatric surgery, compared to controls with obesity, at a mean/median duration
of post-operative follow-up greater than 2 years in observational studies

Surgery: Malabsorptive

Surgery: Restrictive

Risk Ratio

Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
3.1.1 Gastric Banding and/or Vertical Banded Gastroplasty
Lalmohamed 2012 9 613 21 1249 2.4% 0.87 [0.40, 1.90] i
Paccou 2020 146 7266 110 7825 12.4% 1.43[1.12, 1.83] -
Rousseau 2016 59 1714 80 3887 9.0% 1.67 [1.20, 2.33] —
Yu 2017 163 7516 118 7516  12.9% 1.38 [1.09, 1.75] -
Yu 2019 256 12183 157 12183 14.9% 1.63 [1.34, 1.99] -
Subtotal (95% CI) 29292 32660 51.6% 1.50 [1.33, 1.69] ¢
Total events 633 486
Heterogeneity: Tau? = 0.00; Chi? = 3.60, df = 4 (P = 0.46); I = 0%
Test for overall effect: Z = 6.70 (P < 0.00001)
3.1.2 Sleeve Gastrectomy
Javanainen 2018 18 253 8 142 2.2% 1.26 [0.56, 2.83] o
Khalid 2020 523 16371 297 16371 18.1% 1.76 [1.53, 2.03] -
Paccou 2020 146 7266 183 18635 13.9% 2.05 [1.65, 2.54] -
Rousseau 2016 57 1713 35 2554 6.6% 2.43 [1.60, 3.68] —
Subtotal (95% CI) 25603 37702 40.8% 1.89 [1.64, 2.19] ¢
Total events 744 523
Heterogeneity: Tau? = 0.01; Chi? = 3.79, df = 3 (P = 0.29); I> = 21%
Test for overall effect: Z = 8.62 (P < 0.00001)
3.1.3 Restrictive procedures (specific procedure not defined)
Lu 2015 29 289 154 1775 7.6% 1.16 [0.79, 1.69] T
Subtotal (95% CI) 289 1775 7.6% 6 [0.79, 1.69]
Total events 29 154
Heterogeneity: Not applicable
Test for overall effect: Z = 0.76 (P = 0.45)
Total (95% ClI) 55184 72137 100.0% 1.61 [1.42, 1.83] ¢
Total events 1406 1163

[Ty 2 _ . 2 - _ _ 12 = ! + + i
Heterogeneity: Tau? = 0.02; Chi* = 17.91, df = 9 (P = 0.04); I> = 50% N0t o1 10 100

Test for overall effect: Z = 7.41 (P < 0.00001)

Surgery: Restrictive Surgery: Malabsorptive
Test for subgroup differences: Chi? = 9.16, df = 2 (P = 0.01), I = 78.2% gery gery P

Fig. 3 Forest plot of the risk of any fracture following malabsorptive compared to restrictive bariatric surgery, at a mean/median duration of
post-operative follow-up greater than 2 years in observational studies
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Malabsorptive procedures versus controls with obesity

Four long-term studies assessed the risk of hip fractures post
malabsorptive surgery compared to that in controls with obe-
sity, the SOS NRCT [37], and three observational studies
[41, 51, 52]. In SOS, the aHR of hip fracture was 3.1 (95%
CI 1.18-8.12) post RYGB compared to individuals with
obesity [37] (Table 2). In observational studies, the RR of
hip fractures post RYGB (total N=69,874) was 1.99 (95%
CI 1.00-3.94, = 88%), compared to controls with obesity
(total N=96,334) [41, 51, 52] (Table 2 and Fig. 4). One of
the studies reported that the risk of hip fracture increased in
the RYGB group, compared to the matched control group
with obesity, regardless of the presence or absence of DM
[41]. In a sensitivity analysis excluding one fair-quality
study, the pooled RR was 1.60 (95% CI 0.7-3.66, ?=91%).

Restrictive procedures versus controls with obesity

The aHR of hip fractures was not increased post gastric
banding nor post VBG compared to individuals with obesity
in SOS (Table 2) [37]. Similarly, in observational studies, the
risk of hip fractures at>?2 years post restrictive procedures
(total N=42,831; SG [51, 52], gastric banding, and VBG
[52]) was not different from that in individuals with obesity
(total N=57,363), RR 0.69 (95% CI 0.36-1.33, >=81%)
(Table 2 and Appendix 7 Fig. 2). A sensitivity analysis com-
paring hip fracture risk post SG (total N=35,006) to con-
trols with obesity (total N=57,363) did not yield significant
results, RR 0.64 (95% CI10.37-1.12, I’=68%) (Table 2 and
Appendix 7 Fig. 3).

Malabsorptive procedures versus restrictive procedures

In a short-term observational study, while no fractures were
reported following RYGB (N =157), the incidence of hip
fractures was 2.5% post LGB and SG (N=40) [47]. How-
ever, in the long-term SOS study, the incidence of hip frac-
tures was greater post RYGB compared to restrictive surger-
ies, 3.0% and 1.7%, respectively, but p-value was unavailable
[37] (Table 2). Based on four long-term good-quality obser-
vational studies, the risk of hip fractures was two-folds

higher following RYGB (total N=50,242), compared to
restrictive procedures (total N=62,170; gastric banding [49,
50, 52], VBG [52], and SG [51, 52]), pooled RR 2.08 (95%
CI 1.64-2.65, I’=23%) (Table 2 and Fig. 5). Two of the risk
of hip fracture post RYGB versus gastric banding was higher
with older age and longer follow-up [49, 50]. In a sensitiv-
ity analysis including studies on RYGB (total N=30,903)
compared to SG (total N=35,006), the RR was 2.41 (95% CI
1.77-3.29, P =0%) (Table 2 and Appendix 7 Fig. 4).

Risk of vertebral fractures

We did not identify short-term data on vertebral fractures.
In the long-term SOS trial, the aHR of vertebral fractures
was significantly increased following RYGB [aHR 3.02
(95% CI 1.20-7.63)] and gastric banding [aHR 3.72 (95%
CI 1.63-8.48)], compared to controls with obesity (Table 2)
[37]. Two long-term observational studies reported on ver-
tebral fractures [51, 52] following malabsorptive (total
N=30,903) and restrictive procedures (total N=42,831, of
which 35,006 underwent SG), compared to each other and
to controls with obesity (total N=57,363). However, pooled
analyses did not show an increased risk across surgical pro-
cedures (Fig. 5 and Appendix 7 Fig. 4), nor when comparing
the different procedures to controls with obesity (Appendix
7 Figs. 3 and 5).

Risk of upper and lower limb fractures

No upper nor lower extremity fractures were reported post
bariatric surgery in short-term studies. In a 2-year observa-
tional study, there were one radial and one humeral fractures
post RYGB (N=152), but none post SG (N=38) [39].

The long-term SOS trial reported that, compared to
controls with obesity, the risk of humeral fractures was
increased by two-folds following RYGB, but not post gastric
banding nor VBG [37]. In observational studies at > 2 years
post-operatively, the risk of humeral fracture was not signifi-
cantly different post RYGB compared to controls with obe-
sity (Table 2 and Appendix 7 Fig. 6a) or to patients undergo-
ing restrictive procedures (Fig. 5). However, in a sensitivity
analysis, it was 57% greater post RYGB (total N=30,903)

Surgery: Malabsorptive  Controls: with Obesity Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Axelsson 2018 49 38971 15 38971 30.1% 3.27 [1.83, 5.82] —a
Khalid 2020 73 16371 69 16371 35.3% 1.06 [0.76, 1.47] -
Paccou 2020 53 14532 61 40992 34.6% 2.45 [1.70, 3.54] —
Total (95% CI) 69874 96334 100.0% 1.99 [1.00, 3.94] =
Total events 175 145

. 2 _ . 2 _ _ _ 2o ! 4 } 1
Heterogeneity: Tau® = 0.32; Chi* = 16.71, df = 2 (P = 0.0002); I> = 88% o1 ol o 100

Test for overall effect: Z = 1.97 (P = 0.05)

Control.s: with Obesity Surgery: Malabsorptive

Fig.4 Forest plot of the risk of hip fracture following malabsorptive bariatric surgery, compared to controls with obesity, at a mean/median
duration of post-operative follow-up greater than 2 years in observational studies
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Surgery: Malabsorptive  Surgery: Restrictive Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI

5.3.1 Hip fracture

Khalid 2020 73 16371 34 16371 7.2% 2.15[1.43, 3.22] —

Paccou 2020 53 14532 38 26460 7.1% 2.54 [1.68, 3.85] —

Yu 2017 60 7516 40 7516 7.4% 1.50 [1.01, 2.24] T

Yu 2019 56 12183 23 12183 6.1% 2.43 [1.50, 3.95] ——

Subtotal (95% CI) 50602 62530 27.7% 2.08 [1.64, 2.65] <&

Total events 242 135

Heterogeneity: Tau? = 0.01; Chi? = 3.89, df = 3 (P = 0.27); I> = 23%

Test for overall effect: Z = 5.96 (P < 0.00001)

5.3.2 Vertebral fracture

Khalid 2020 190 16371 124 16371  10.5% 1.53 [1.22, 1.92] -

Paccou 2020 25 14532 53 26460 6.2% 0.86 [0.53, 1.38] ——

Subtotal (95% CI) 30903 42831 16.7% 1.19 [0.68, 2.09] <

Total events 215 177

Heterogeneity: Tau? = 0.13; Chi? = 4.66, df = 1 (P = 0.03); I> = 79%

Test for overall effect: Z = 0.62 (P = 0.54)

5.3.3 Humeral fracture

Khalid 2020 155 16371 97 16371 10.0% 1.60 [1.24, 2.06] =

Paccou 2020 47 14532 66 26460 7.8% 1.30[0.89, 1.88] T

Yu 2017 31 7516 26 7516 5.6% 1.19 [0.71, 2.01] i

Yu 2019 12 12183 18 12183 3.6% 0.67 [0.32, 1.38] A

Subtotal (95% CI) 50602 62530 27.0% 1.28 [0.96, 1.70] £

Total events 245 207

Heterogeneity: Tau? = 0.04; Chi? = 5.52, df = 3 (P = 0.14); I> = 46%

Test for overall effect: Z = 1.67 (P = 0.09)

5.3.4 Wrist fracture

Paccou 2020 167 14532 136 26460 10.5% 2.24[1.78, 2.80] -

Yu 2017 73 7516 52 7516 8.1% 1.40 [0.99, 2.00] ™

Yu 2019 148 12183 92 12183 9.9% 1.61 [1.24, 2.08] i

Subtotal (95% CI) 34231 46159 28.5% 1.75 [1.33, 2.32] <&

Total events 388 280

Heterogeneity: Tau? = 0.04; Chi? = 6.14, df = 2 (P = 0.05); I> = 67%

Test for overall effect: Z = 3.96 (P < 0.0001)

Total (95% CI) 166338 214050 100.0% 1.59 [1.35, 1.87] $

Total events 1090 799

ity ;S . RE o - aa o IR ! } Il ]
Heterogeneity: Tau? = 0.05; Chi? = 32.99, df = 12 (P = 0.0010); I*> = 64% Y o1 ) 100

Test for overall effect: Z = 5.57 (P < 0.00001)
Test for subgroup differences: Chi? = 8.09, df = 3 (P = 0.04), I* = 62.9%

Surgery: Restrictive Surgery: Malabsorptive

Fig. 5 Forest plot of the risk of site-specific fracture (at hip, vertebra, humerus, and wrist) following malabsorptive compared to restrictive bari-
atric surgery, at a mean/median duration of post-operative follow-up of more than 2 years in observational studies

compared to patients undergoing SG (total N=35,006), RR
1.57 (95% CI 1.27-1.95, I*=0%) (Table 2 and Appendix 7
Fig. 4). Compared to controls with obesity at>2 years post-
operatively, the risk of humeral fractures was 34% and 40%
lower following restrictive procedures (RR 0.66, 95% CI
0.48-0.91, =62%), and SG (RR 0.60, 95% CI 0.49-0.74,
I?=0%), respectively (Appendix 7 Figs. 6b and 3).

The long-term SOS trial reported a five-fold and a two-
fold increase in wrist fractures post RYGB and gastric band-
ing, respectively, compared to controls with obesity. This
was not the case post VBG [37]. The pooled RR of wrist
fractures post RYGB (total N=34,231) versus restrictive
procedures (N=46,159, gastric banding [49, 50, 52] and
SG [52]) was 1.75 (95% CI 1.33-2.32, I*=67%) (Table 2
and Fig. 5).

In a long-term observational study, the risk of lower
extremity fractures was not different post malabsorptive sur-
geries in patients with DM, compared to matched controls
with obesity, but was significantly lower in patients without
DM [41]. However, the SOS trial showed a two-fold increase
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in leg fractures post RYGB, but not post restrictive proce-
dures, compared to controls with obesity [37].

Discussion

Data on the risk of fracture following bariatric surgery com-
pared to IMT is scarce, mostly derived from fractures cap-
tured as a few trials. We showed a 40% increased risk of
any fracture, and a two-fold increased risk of hip and wrist
fracture, at> 2 years following malabsorptive procedures,
compared to controls with obesity. Similarly, we showed
a significant increase in the risk of any fracture (by 61%),
hip, wrist (by one- to two-fold) following malabsorptive
procedures, compared to restrictive procedures, at> 2 years
post-operatively. The risk of any fracture was not increased
following restrictive procedures compared to controls with
obesity. Exceptionally, the multi-center SOS NRCT reported
a borderline increased fracture risk post restrictive proce-
dures, compared to controls with obesity, starting at 8 years



Osteoporosis International (2022) 33:511-526

523

post-operatively [37]. However, their sensitivity analysis
(using the E-value method of VanderWeele and DingE)
suggested such findings could be affected by unmeasured
confounding [37].

The included studies consisted mainly of middle-aged
women, with obesity and various related co-morbidities,
representing the typical population undergoing bariatric
surgery [53]. We identified more studies on malabsorptive
procedures, chiefly RYGB, compared to other procedures.
This is not surprising, given that RYGB was initially con-
sidered the gold standard procedure, and therefore the most
commonly performed [54]. The available data on restrictive
procedures, specifically SG, that is currently considered a
standalone procedure with increased use in the last decade,
is limited to the more recent publications.

Three SR/MAs were recently published on the topic [20,
22, 23]. One included five observational studies and one
RCT [22]. It showed that, compared to controls, bariatric
surgery (any procedure) was associated with a 29% increased
risk of total fractures (RR 1.29, 95% CI 1.18-1.42), and a
42% increased risk of non-vertebral fractures (RR 1.42, 95%
CI 1.08-1.87), especially upper limb fractures (RR 1.68,
95% CI 1.15-2.45) [22]. However, the metabolic and min-
eral changes, and therefore the impact of skeletal health,
vary widely across surgical procedures [55], and fracture
risk should be assessed separately for each procedure.
Another SR/MA pooled data from two short-term RCTs and
one NRCT and reported no association between bariatric
surgery (any procedure) and any fracture [20]. The short
follow-up of the included trials explains the non-significant
results [20]. A recent network meta-analysis identified 11
studies and showed a 41% increased risk of any fracture and
a one- to two-folds increased risk of site-specific fractures
(hip, spine, and upper and lower limbs) following bariatric
surgery (any procedure), compared to controls with obesity
[23]. The risk of fracture was increased following malab-
sorptive but not restrictive procedures, compared to controls
[23]. We included a larger number of studies and described
fracture risk by surgical procedure type for various fracture
sites and specifically highlighted the impact of SG among
other restrictive procedures.

The greater bone fragility following malabsorptive proce-
dures is expected, given the significant nutrient deficiency,
the higher weight, and bone loss observed, compared to
restrictive procedures [6, 56—58]. In a recent RCT, at 1-year
follow-up, the drop in BMD at all sites and the increase
in bone turnover markers were higher following RYGB
compared to SG [59]. Interestingly, the STAMPEDE trial
showed that bone markers were higher in the RYGB group,
compared to the SG group, even at 5 years after surgery
[31]. Furthermore, 25-hydroxyvitamin D levels tend to be
lower, with the need for higher replacement doses, follow-
ing malabsorptive compared to restrictive procedures [24,

60]. Similarly, calcium malabsorption and secondary hyper-
parathyroidism have been reported following RYGB [58].
Although both RYGB and SG result in hormonal changes
secondary to the loss of fat mass or the anatomical altera-
tions, changes in some hormones, such as Peptide YY and
ghrelin, differ between procedures and may contribute to
a differential effect on bone health [6]. On the other hand,
individuals with obesity are at an increased risk of frac-
ture at specific sites, such as the ankle, ribs, humerus, and
upper and lower limbs [61-64]. This risk might be reversed
with weight loss following restrictive procedures that seem
to have a neutral effect on bone and therefore explains the
lower and/or trend for a lower fracture risk at the humerus
[51,52].

We have shown that hip and other site-specific peripheral
fractures, such as humerus and wrist fractures, increased
following malabsorptive procedures. However, osteoporotic
fractures in general, and hip fractures in particular, typi-
cally occur in groups of older age and represent a sign of
frailty [65]. Therefore, despite an increased relative risk by
more than two-folds following malabsorptive procedures,
compared to controls with obesity, or to other procedures,
the absolute risk remains low, given the relatively young
population undergoing bariatric surgery. Vertebral fracture
data was limited to only five observational studies [42, 46,
48, 51, 52], in addition to the large SOS NRCT [37]. Unde-
niably, vertebral fractures are underestimated as 30% are
asymptomatic, and less than 10% would require hospitaliza-
tion [66]. None of the included studies actively assessed for
morphometric vertebral fractures [42, 46, 48, 51, 52]. The
definition of limb fractures varied widely across studies and
challenges our conclusions.

All pooled analyses showed high heterogeneity, with few
exceptions. Unfortunately, we were unable to examine the
effect of age, BMI at baseline, percent weight loss, meno-
pausal status, and sex, on fracture risk. Only two studies
provided data on patients with and without DM separately
[41, 49]. The results available in the other included studies
on DM and the use of anti-diabetic agents did not allow us to
investigate their impact on fracture risk. However, we evalu-
ated the impact of studies' quality on results through sensi-
tivity analyses, and results were close to original analyses.

This is the first SR/MA to provide a summary of the
evidence on fracture risk, by surgical procedure and frac-
ture site. The main limitation remains related to the lack
of clear and valid definitions of osteoporotic fractures in
individual studies. One study only included major osteo-
porotic fractures of the hip, vertebrae, proximal humerus,
and distal radius, following a fall from standing height or
less, and excluded fractures occurring because of severe
trauma and those of the toes/fingers [44]. Other studies
included fractures without providing details on the level of
trauma [31-36, 38, 40-43, 46-48], or included “fragility
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fractures,” without providing details on how they defined
or identified such fractures [39, 49, 50], or used inap-
propriate definitions [45]. Although a previous fracture
increases the risk of future fractures [67], only nine stud-
ies reported on pre-operative fractures [37, 41, 45, 46,
48, 49, 51, 52], two excluded patients with a history of
fractures [46, 51], while the other studies adjusted for it
in their analyses [37, 41, 45, 48, 49, 52]. Only one study
took into consideration the number of previous fractures
[41]. The definition of “any” fracture varied across studies
and included hip, spine, pelvis, sternum, and upper and
lower extremities, but also skull, knee, ankle, clavicle, and
others. Similarly, methods used for fracture identification
differed across studies and included patients’ self-report-
ing through questionnaires [36, 40], manually screening
hospital and outpatient medical records [44], using phy-
sicians’ billing claims associated with fracture treatment
[48], using International Classification of Disease (ICD)
codes (ICD-9 [46, 51] or ICD-10 [37, 41, 52]), or using
Read codes to identify fractures from insurance databases
[46], patient registers [41], or research datalinks [42].
Several studies did not describe fracture identification
methods. None of the studies described fracture adjudica-
tion by a radiologist. Similarly, there was variability in the
definition of the population of interest and of the controls
with obesity. Some studies selected controls with obesity
from patients assigned with the ICD code for obesity [41,
46, 48], but there might be a bias in whether and when a
healthcare provider chooses to employ this code. Other
studies used controls matched to BMI [36-38, 40, 42-45,
52]. Finally, several studies were of low quality, mostly
related to lack of blinding in trials, and inadequate fol-
low-up and inappropriate comparability between cases and
controls in observational studies.

Conclusion

Fracture risk seems to increase following malabsorptive pro-
cedures, compared to controls with obesity and to restrictive
procedures. This risk becomes significant beyond 2 years
post-operatively. Restrictive procedures, and specifically SG,
seem to have a neutral effect. Available data is limited by the
lack of an appropriate definition of fragility and/or osteo-
porotic fractures and the large variability in methods used
to identify such fractures. It is unknown how this risk would
translate during the long-term follow-up of patients, specifi-
cally when they reach older age, > 65-70 years, the typical
age for fragility and osteoporotic fractures. Furthermore, the
risk of a subsequent fracture following the first fracture has
never been assessed, and whether this risk subsides over
time requires cohort studies extending beyond 15-20 years.
A prospective and systematic assessment of fracture using
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reliable methods, coupled with fracture adjudication and
evaluation of trauma level may answer such challenging
questions.
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