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Association of metabolic-bariatric surgery with long-term
survival in adults with and without diabetes: a one-stage
meta-analysis of matched cohort and prospective controlled
studies with 174 772 participants

Nicholas L Syn*, David E Cummings*, Louis ZWang?*, DarylJ Lin*, Joseph ] Zhao, Marie Loh, Zong Jie Koh, Claire Alexandra Chew, Ying Ern Loo,
Bee Choo Tai, Guowei Kim, Jimmy Bok-Yan So, Lee M Kaplan, John B Dixon, Asim Shabbir

Summary

Background Metabolic-bariatric surgery delivers substantial weight loss and can induce remission or improvement of
obesity-related risks and complications. However, more robust estimates of its effect on long-term mortality and life
expectancy—especially stratified by pre-existing diabetes status—are needed to guide policy and facilitate patient
counselling. We compared long-term survival outcomes of severely obese patients who received metabolic-bariatric
surgery versus usual care.

Methods We did a prespecified one-stage meta-analysis using patient-level survival data reconstructed from prospective
controlled trials and high-quality matched cohort studies. We searched PubMed, Scopus, and MEDLINE (via Ovid) for
randomised trials, prospective controlled studies, and matched cohort studies comparing all-cause mortality after
metabolic-bariatric surgery versus non-surgical management of obesity published between inception and Feb 3, 2021.
We also searched grey literature by reviewing bibliographies of included studies as well as review articles. Shared-frailty
(ie, random-effects) and stratified Cox models were fitted to compare all-cause mortality of adults with obesity who
underwent metabolic-bariatric surgery compared with matched controls who received usual care, taking into account
clustering of participants at the study level. We also computed numbers needed to treat, and extrapolated life
expectancy using Gompertz proportional-hazards modelling. The study protocol is prospectively registered on
PROSPERO, number CRD42020218472.

Findings Among 1470 articles identified, 16 matched cohort studies and one prospective controlled trial were included
in the analysis. 7712 deaths occurred during 1-2 million patient-years. In the overall population consisting
174772 participants, metabolic-bariatric surgery was associated with a reduction in hazard rate of death of 49-2%
(95% CI 46-3-51-9, p<0-0001) and median life expectancy was 6-1 years (95% CI 5-2-6-9) longer than usual care.
In subgroup analyses, both individuals with (hazard ratio 0-409, 95% CI 0-370-0-453, p<0-0001) or without (0-704,
0-588-0-843, p<0-0001) baseline diabetes who underwent metabolic-bariatric surgery had lower rates of all-cause
mortality, but the treatment effect was considerably greater for those with diabetes (between-subgroup I2 95-7%,
P<0-0001). Median life expectancy was 9-3 years (95% CI 7-1-11-8) longer for patients with diabetes in the surgery
group than the non-surgical group, whereas the life expectancy gain was 5-1 years (2-0-9-3) for patients without
diabetes. The numbers needed to treat to prevent one additional death over a 10-year time frame were 8-4 (95% CI
7-8-9-1) for adults with diabetes and 29-8 (21-2-56-8) for those without diabetes. Treatment effects did not appear
to differ between gastric bypass, banding, and sleeve gastrectomy (I2 3-4%, p=0-36). By leveraging the results of this
meta-analysis and other published data, we estimated that every 1-0% increase in metabolic-bariatric surgery
utilisation rates among the global pool of metabolic-bariatric candidates with and without diabetes could
yield 5-1 million and 6- 6 million potential life-years, respectively.

Interpretation Among adults with obesity, metabolic-bariatric surgery is associated with substantially lower all-cause
mortality rates and longer life expectancy than usual obesity management. Survival benefits are much more
pronounced for people with pre-existing diabetes than those without.

Funding None.

Copyright © 2021 Elsevier Ltd. All rights reserved.
Introduction

The rising prevalence of obesity and overweight exerts

a major public-health toll worldwide, contributing to
5 million deaths and 160 million disability-adjusted

life-years in 2019." High body-mass index—or more
precisely, visceral adiposity—is a component of the
constellation of cardiovascular risk factors that comprise
the metabolic syndrome,’* and has strong epidemiological
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Research in context

Evidence before this study

We searched PubMed, Scopus, and MEDLINE (via Ovid) without
language restrictions for randomised trials, prospective
controlled studies, and matched cohort studies comparing
all-cause mortality after metabolic-bariatric surgery versus
non-surgical management of obesity published between
inception and Feb 3, 2021. We also searched grey literature by
reviewing bibliographies of included studies as well as review
articles. The search terms are available in the appendix.

We excluded studies that exclusively enrolled individuals with
specific comorbidities other than type 2 diabetes or adolescents,
non-comparative studies, and case reports. WHO estimates that
in 2016, 13% of the world’s population was obese. Metabolic-
bariatric surgery is an approved treatment for severe obesity in
many countries; however, fewer than 1% of patients who qualify
are actually treated each year. Most studies on metabolic-
bariatric operations have focused on weight-related outcomes.
A growing body of evidence has also found remission or
improvement of obesity-related cardiometabolic risks and
complications including diabetes, hypertension, obstructive
sleep apnoea, osteoarthritis, gout flares, and non-alcoholic
steatohepatitis following metabolic-bariatric surgery. These
metabolic benefits appear to be durable in the long term,

as shown in a 10-year follow-up of a randomised trial comparing
metabolic surgery with conventional medical therapy on type 2
diabetes remission and complications. However, the long-term
survival outcomes of metabolic-bariatric surgery have only been
reported much more recently, with 15 of the 17 studies we
elected to include in this meta-analysis published after 2015.

For this pooled analysis, we included 16 high-quality matched
cohort studies and one prospective controlled trial that
compared all-cause mortality or long-term survival in a group of
patients who received metabolic-bariatric surgery versus a

associations with diabetes, coronary heart disease,’

hypertension, certain cancers,*® and premature death.”®
Consequently, clinical practice guidelines in endo-
crinology and cardiology emphasise weight control and
weight loss interventions—through behavioural and
lifestyle modification, pharmacotherapy, and metabolic—
bariatric surgery—as a cornerstone of lowering
macrovascular disease risk.”” Several medium-term to
long-term observational studies and randomised con-
trolled trials have reported that in addition to inducing
substantial and durable weight loss, metabolic—bariatric
surgery commonly facilitates improvement or remis-
sion of metabolic complications including type 2
diabetes, dyslipidaemia, and obstructive sleep apnoea in
individuals with obesity,** which is the basis for recent
and ongoing expansion in the eligibility criteria for
weight-loss surgery and the reason why such procedures
have been termed metabolic-bariatric surgery. >
Hitherto, data concerning the long-term health effects
of metabolic-bariatric surgery are largely limited to

control group of baseline-matched participants who received
conventional care.

Added value of this study

This pooled analysis was done to obtain more robust and precise
estimates of long-term survivorship after metabolic-bariatric
surgery in adults with obesity. It combines several features

that should be useful for the development of clinical guidelines
and international public health policies, and for the facilitation
of patient counselling. First, with just under 8000 events
recorded during approximately 1.2 million patient-years of
follow-up, the present analysis using reconstructed survival data
of about 175 000 patients should have adequate power to
accurately estimate the long-term survival outcomes of patients
with metabolic-bariatric surgery for up to 3 decades. Second,

we presented results using various summary statistics to
enhance interpretation and facilitate communication, including
hazard ratio estimates, numbers needed to treat, and median
life expectancy. Third, we did subgroup analyses to discern
treatment effects by one of the most important effect modifiers:
type 2 diabetes.

Implications of all the available evidence

Our meta-analysis adds to a growing evidence base supporting a
role for metabolic-bariatric surgery in the management of
obesity, especially in patients with type 2 diabetes. These
findings should be of interest to policy makers developing
coordinated strategies to tackle the increasing prevalence of
obesity and diabetes—and all their public health and economic
consequences—as well as general practitioners,
endocrinologists, and cardiologists who play a vital part in
managing patients who are overweight and have
cardiometabolic comorbidities.

evidence from observational cohort studies rather than
randomised controlled trials with long-term follow-up.**
It is important, however, to recognise that despite
having large denominators, the actual number of deaths
recorded in individual studies is very low (eg, event rates
of 5-2-10-7 deaths per 1000 person-years in the recent
Swedish Obese Subjects [SOS] study),” since the median
baseline age of participants is only 40-50 years in many
studies. The exceedingly low incidence of mortality
severely hampers precision, reduces power, and might
give rise to sparse-data bias in individual studies quanti-
fying the treatment effect of metabolic-bariatric surgery.
Furthermore, only a few studies exploited rigorous study
designs to minimise confounding and selection biases.

In light of these considerations, we did a pooled
analysis using reconstructed individual participant
data** from high-quality matched cohort studies and
prospective controlled trials, to obtain more robust and
accurate estimates regarding the long-term effect of
metabolic—bariatric surgery on all-cause mortality and
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life expectancy, which are vital to guide policy and
facilitate patient counselling.

Methods

Search strategy and selection criteria

This meta-analysis was done in accordance to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA)* and Meta-Analysis of Observational Studies
in Epidemiology (MOOSE)” guidelines. We searched
PubMed, Scopus, and MEDLINE (via Ovid) without
language restrictions for randomised trials, prospective
controlled studies, and matched cohort studies comparing
all-cause mortality after metabolic-bariatric surgery versus
non-surgical management of obesity published from
inception to Feb 3, 2021. The search terms are available in
the appendix (p 37). We searched grey literature by
reviewing the bibliographies of included studies as well
as review articles. To ensure our findings are based on
rigorous evidence, we only included investigations with
low risk of bias. Excluded from the meta-analysis were
studies that exclusively enrolled patients with specific
comorbidities other than type 2 diabetes (eg, end-stage
renal failure® and type 1 diabetes®) or adolescents,
non-comparative studies, and case reports. For publications
that constitute re-analyses of similar or overlapping patient
populations,®* we chose the publication that we deemed
to provide the most pertinent or recent information, and
also took into considerations such as the image quality of
published Kaplan-Meier curves, which are important to
ensure accurate reconstruction of individual participant
time-to-event data. Studies had to provide cumulative
incidence function or Kaplan-Meier survivor curves for
matched cohorts to be considered for inclusion. Studies
that used other methods of confounder control (including
covariance adjustment, stratification, and inverse proba-
bility of treatment weighting) were excluded because
although these techniques can be effective at mitigating
bias, the balancing effect is lost when applied to meta-
analysis using reconstructed individual patient data, since
the patient-level covariates or propensity-scores used for
controlling bias are unbeknownst to meta-analysts.

Risk of bias assessment

Two reviewers (ZJK and CAC) assessed the quality of
included studies using the Newcastle-Ottawa Scale for
cohort studies,” and disagreements were resolved by
consensus or appeal to a third author (AS). Studies that
scored 7-9 points, 4-6 points, and 3 or fewer points
were considered to be at low, moderate, and high risk of
biases, respectively.

Data extraction and reconstruction of individual
patient data

Four review authors (LZW, NLS, DJL, and YEL) extracted
study characteristics, including patients’ demographics
and clinical characteristics, details of interventions in the
metabolic-bariatric surgery and usual care groups, and

the procedure and covariates used for matching.
Validated algorithms by Guyot and colleagues”were used
to recover participant-level survival data from published
Kaplan-Meier curves.®** Briefly, we downloaded, pre-
processed, and digitised vector and raster images of
survivor or failure curves to obtain their step function
values and timings of the steps.” Additional information
including number-at-risk tables and total number of
events were used, if reported, to further improve the
calibration of time-to-events.” Survival information on
individual patients was then recuperated by solving the
inverted Kaplan-Meier product-limit equations.” Side-by-
side comparisons of reconstructed and original curves
are provided in the appendix (pp 15-36), showing that the
algorithms” robustly recovered individual participant
data from published studies. See Online for appendix

Data synthesis

The Kaplan-Meier method was used to calculate overall
survival. One-stage meta-analyses were carried out using
Cox proportional hazards models that address between-
study heterogeneity using a variety of approaches.”** The
primary analysis was based on the shared frailty model,
because it most explicitly accounts for between-study
heterogeneity by incorporating a random-effects term
that models patients within each study as being similarly
failure-prone as other individuals belonging to the same
study.”***** Across studies, frailties are gamma-distributed
and affect the hazard function in a latent, multiplicative

1362 records identified through database searching 108 additional records identified through
251 PubMed bibliographical review and grey literature
722 Scopus searching
389 MEDLINE (via OVID)

| |
v

| 455 records after duplicates removed |

—P| 378 records excluded after title and abstract review

A4

| 77 records screened for full-text review |

60 records excluded
18 no relevant comparison (ie, bariatric vs
non-bariatric)
| 16 no survival analysis or Kaplan-Meier
survival curves
14 same or overlapping study cohort
12 not matched or controlled

v

17 studies included in meta-analysis
8 (coarsened) exact matched
4 propensity-score matched
2 sequential-stratification matched
1 greedy nearest neighbour-matched
1 Mahalanobis distance matched
1 prospective controlled trial

Figure 1: Study selection
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manner. As sensitivity analysis, we also used stratified
Cox models, which adjust for inter-study heterogeneity
by allowing patients from a particular study to share
a baseline hazard unique only to that study, while
constraining partial likelihood estimates of the Cox
coefficients to be equal across strata.”** Marginal Cox
models—which assume that no heterogeneity exists
among studies—were also fitted. As a final sensitivity
analysis, we also computed two-stage hazard ratios (HRs)
using inverse variance-weighted random-effects meta-
analysis and corrected for publication bias and small-study

effects using the randome-effects trim-and-fill (R, esti-
mator) procedure. Median follow-up was calculated using
the reverse Kaplan-Meier method,” and the proportional
hazards assumption was evaluated by testing for the
presence of a non-zero slope in a generalised linear
regression of scaled Schoenfeld residuals on time.*

To ensure relevance to stakeholders, such as patients
and health-care decision makers,” we also computed the
numbers needed to treat (NNT) using the formulae by
Altman and Andersen® based on the shared-frailty HR
estimates and survival rates at discrete timepoints of

Number at risk
Non-surgical 108987 96181 70908 46202 19899 12878 9230
Metabolicsurgery 65785 61183 48240 34847 16482 13098 11605

A
60 — Non-surgical controls
—— Metabolic surgery
50 Naive (marginal): HR 0-385, 95% Cl 0-365-0-406, p<0-0001
Shared-frailty (random-effects): 0-508, 0-481-0-537, p<0-0001
S Stratified: 0-506, 0-479-0-535, p<0-0001
2 404 30year
3 (29:5%
S Vs 46:0%)
£ u
.g 30 25 year
= (171%
3 15year Vs 31:3%),
g 204 10year (5:0% 20
o 5 year (3:4% Vs 12:4%) (8y8e;r
3year (1-4% vs 8:5%) ) :
10 10)/6;’ O8%  us4.0%) Vs 20-0%
(03% Vs 2:2%
vs 0-6%)
0 T T T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Time (years)

7399 6019 2756 2101 1566 813 413 206 26
10483 9811 6844 1997 1456 878 474 239 34

B
HR (95% Cl) Random-effects
weights (%)
Adams et al (2007)% —_— 0-600 (0-492-0-732) 7-54
Aminian et al (2019)* —_— 0-590 (0-482-0-723) 7-49
Arterburn et al (2015)® —= 0-555 (0-485-0-636) 826
Busetto et al (2007)% 0-360 (0-162-0-800) 217
Carlsson et al (2020)* —s 0-700 (0-607-0-807) 820
Ceriani et al (2019)* _ 0-640 (0-435-0-941) 520
Doumouras et al (2020)* —_—— 0-680 (0-570-0-811) 7-82
Eliasson et al (2015)% _ 0-420 (0:305-0-579) 598
Fisher et al (2018)%® — = 0-306 (0-237-0-393) 6-86
Guidry et al (2015)% _ 0-480 (0-293-0-787) 408
Hassinger et al (2018)% 0-970 (0-582-1-616) 3.95
Lentetal (2017)7 P 0-650 (0-501-0-842) 677
Moussa et al (2020)>* = 0-254 (0-183-0-353) 5.88
Pontiroli et al (2018)% _ 0-520 (0-334-0-810) 4-58
Reges et al (2018)* — 0-495 (0-398-0-616) 7-30
Thereaux et al (2019)*° R 0-530 (0-448-0-627) 791
Wong et al (2020)°® NE (NE-NE) NE
Overall <> 0-529 (0-462-0-605) 100-00
Bias-corrected (trim-and-fill method for publication bias) <> 0-533 (0-465-0-612) 100-00
I T T 1

01 02 05

1.0 2:0

Figure 2: Cumulative mortality and numbers-at-risk table for all participants who underwent metabolic-bariatric surgery vs usual non-surgical management

of obesity

(A) One-stage meta-analyses. (B) Two-stage aggregate data meta-analysis. Hazard ratio estimates were NE for the Wong et al (2020)°® study, and did not contribute
any computational weights to either the one-stage or two-stage random-effects meta-analyses, since no events occurred in their surgical group. Note that the
relative hazard reduction is computed as (1-HR) x 100% (eg, a HR of 0-508 translates to a reduction in the hazard rate of death of 49-2%). HR=hazard ratio. NE=not

evaluable.
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interest in the non-surgical group. Since more than
50% of patients remained alive in both the treatment and
control groups at the end of follow-up, the actual median
survival was not attained in either group. To report
median life expectancy, we used the same modelling
strategies featured in the recently published SOS study,*
which parametrically extrapolated survival curves using
out-of-sample predictions until half the populations
have died in each group. Like the SOS study, we evaluated
an array of parametisations including the Gompertz,
Weibull, generalised gamma, log-logistic, and expo-
nential models, and similarly observed that the (shared-
frailty) Gompertz regression provided the best fit based
on visual inspection and Akaike information criteria.”*
Bias-corrected confidence intervals for the median life
expectancy difference were obtained from 10 000 bootstrap
replications. We calculated the global potential life-years
that could be gained as the product of the worldwide
number of adults with severe obesity, utilisation rates
stratified by diabetes status, and the difference in median
expected lifespan of surgical patients and non-surgical
controls. All analyses were done in Stata (version 16.1)
and nominal p values of less than 0-05 were regarded
to indicate statistical significance. The study protocol
is prospectively registered on PROSPERO, number
CRD42020218472 (appendix pp 5-14).

Role of the funding source
There was no funding source for this study.

Results

The search strategy retrieved 1362 potentially relevant
articles, and 108 additional records were identified
through searching grey literature. After titles were
de-duplicated and abstracts screened, 77 full-text articles
were reviewed, of which a further 60 articles were
excluded for various reasons (figure 1). Notably, we
excluded the study by Christou and colleagues,” even
though it met all prespecified inclusion criteria, because
we deemed it to be at risk of considerable residual
confounding because the only variables controlled for
were age and gender, but no weight-related covariates or
comorbidities were used in their matching process.
We also elected to exclude the study by Sheetz and
colleagues® because it focused exclusively on patients
with pre-existing end-stage renal failure; we considered
the characteristics of this extremely high-risk patient
population and the interventions they received (such as
a much higher rate of kidney transplant procedures) to
be vastly different from all other studies, and decided
that its inclusion would only render the pooled treatment
effects difficult to interpret and generalise.

In total, 17 articles were included, of which
eight (coarsened exact) matched with user-specified
bins,”**** four used propensity-score matching,? 2>
two employed sequential stratification matching,®*
one matched on the Mahalanobis distance metric,*

one had greedy nearest neighbour matching,” and
one study was a prospective controlled trial* that
used sequential treatment assignment to create a
contemporaneously-matched control group. Patient
characteristics and intervention details are summarised
in the appendix (pp 42-46). All studies were judged by
two reviewers completing the Newcastle-Ottawa checklist
to be high quality (ie, =7 of a maximum of 9 points;
appendix pp 40-41).

In the overall cohort of 174772 patients, the median
follow-up was 69-4 months (IQR 42-2-84-9), and
7712 deaths occurred over 1156 376 patient-years (figure 2).
Among 65785 patients who underwent metabolic—
bariatric surgery, 1813 deaths occurred over a period of
496771 patient-years. Among 108 987 matched non-surgical
controls, 5899 deaths occurred over 659605 patient-years
atrisk. After accounting for random-effects, metabolic—
bariatric surgery was associated with a reduction in the

A
1004 —— Non-surgical controls
— Metabolic surgery
Naive (marginal): HR 0-366, 95% Cl 0-332-0-405, p<0-0001
_ 80 Shared-frailty (random-effects): 0-409, 0-370-0-453, p<0-0001
S Stratified: 0-408, 0-369-0-452, p<0-0001
>
Tg 60+ g)ly;ar
1%
g 15 year o
] (18-4% v535-2%)
k= 40 10 year s 33-2%)
E (97%
§ vs 21-2%)
g 3 5year
204 1 year (2.6%
year (1o .
(0-6% v(5143_2/% vs7:6%)
vs 1-1%)
0 T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24
Number at risk
Non-surgical 38853 31268 21582 10203 3153 807 280 93 85 70 55 49 0
Metabolic surgery 16190 13187 8825 3985 1333 394 206 45 42 34 25 24 0
B
1004 Naive (marginal): HR 0-569, 95% Cl 0-476-0-679, p<0-0001
Shared-frailty (random-effects): 0-704, 0-588-0-843, p<0-0001
Stratified: 0-706, 0-590-0-846, p=0-0002
80
S
z
T 60
<}
£
2
E 40 20 year
E o 15 year (11.9%
5 year (95% 19.9%
e 5year (6-8% vs 15-6%) v5193%)
209 year ?ﬁgalf (z.goﬂ/o vs 11:9%) e
(0-8% Vs 2:7% Ve 51%) —
vs 0-8%)
0 T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24
Number at risk Time (years)
Non-surgical 5740 5523 4523 3488 2517 1334 813 519 460 353 242 211 0
Metabolicsurgery 3256 3140 2670 2066 1431 618 429 317 273 180 87 59 0

Figure 3: Cumulative mortality and numbers-at-risk table for all participants who underwent metabolic-

bariatric surgery vs usual non-surgical management of obesity, stratified by diabetes status
(A) Subgroup analysis of patients with type 2 diabetes. (B) Subgroup analysis of patients without type 2 diabetes.
Note that the relative hazard reduction is computed as (1-HR) x 100% (eg, a HR of 0-409 translates to a reduction

in the hazard rate of death of 59-1%). HR=hazard ratio.
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hazard rate of death of 49.2% (95% CI 46-3-51-9,
p<0-0001; p=0-35 for test of proportional hazards). HR
estimates changed modestly in sensitivity analyses using
one-stage stratified Cox regression or two-stage meta-
analyses (with or without correction for publication bias;
figure 2), indicating that the results are robust to model
specification and publication bias. On the basis of the
shared-frailty HR estimate and applying the formulae of
Altman and Andersen® to the survival probabilities
in figure 2, the NNT to prevent one additional death
was 24-4 (95% CI 23-1-26-0) at the 10-year follow-up and
10-8 (10-2-11-5) at the 20-year follow-up. By using the
same modelling strategy as in the SOS study”, this meta-
analysis estimated a median life expectancy 6-1 years
(95% CI 5-2-6-9) longer in the surgery group than in the
control group.

Next, we did subgroup analyses to distil treatment
effects according to type 2 diabetes status, which previous
research had suggested to be an important effect
modifier.” For patients with diabetes at baseline,
metabolic-bariatric surgery was associated with a HR
for all-cause mortality of 0-409 (95% CI 0-370-0-453,
p<0-0001; p=0-20 for test of proportional hazards;
figure 3). Among 16190 surgically-treated patients,
456 deaths occurred over a follow-up of 70984 patient-
years, whereas 2939 of 38853 non-surgical matched
controls died during a period of 170933 patient-years
(figure 3). The NNT was 8-4 (95% CI 7-8-9-1) at the
10-year follow-up and 5-3 (4-9-5-8) at the 20-year
follow-up, indicating that one death over a 10 and 20 year

1004
80
60+
40+

20+

a I @r(-8 6 6 8\4?-
'770,79 5 “Uine, 4 4 \ES e
arlatfic ease in 2 2 da‘es

Wy Canyy, MHS 0 0 ‘»\(\dease\‘f;@(\(\'\ s\%\
hout g, Wdateg ~ Plage perc® e giabet®
,abetes w; 20

i
gP e
2
() esiy, G

Global life-years gained (millions)

Figure 4: Relationship between potential life-years gained on a global level
for every percentage increment in MBS utilisation rates among the global
pool of eligible candidates with or without diabetes

Assuming 258 million individuals worldwide have severe obesity, every

1-0% absolute increase in MBS use among candidates with and without diabetes
would yield 5133600 and 6 568 800 potential life-years, respectively.

For example, if MBS uptake is currently 1-0% among candidates with and
without diabetes, then hypothetically increasing utilisation rates to 2-5% and
1-5%, respectively, would generate 10 984 800 additional potential life-years.
MBS=metabolic-bariatric surgery.

horizon could be averted for every eight or five patients
with diabetes who undergo metabolic-bariatric surgery.
Median life expectancy was approximately 9-3 years
(95% CI7-1-11-8) longer for patients with diabetes in the
surgery group than in the control group.

A smaller treatment effect was observed for patients
without diabetes (HR 0-704, 95% CI 0-588-0-843,
p<0-0001; p=0-40 for test of proportional hazards), corres-
ponding to a median life expectancy gain of 5-1 years
(95% CI 2-0-9-3; figure 3). Among 8996 patients without
diabetes at the beginning of follow-up, 165 deaths
were recorded during 25054 years atrisk among
3256 surgically-treated patients, whereas 510 of 5740 non-
surgical patients died over 44756 patient-years. The NNT
for people without diabetes was higher than for those
who had diabetes, with NNTs to prevent one death
of 29-8 (95% CI 21-2-56-8) at the 10-year follow-up
and 19-0 (13-4-36- 3) at the 20-year follow-up. There was
substantial between-subgroup heterogeneity (12 95-7%,
p<0-0001 from a two-stage meta-analysis) when com-
paring subgroups based on diabetes status, which can
be interpreted to indicate that the magnitude of the
survival benefit conferred by metabolic—bariatric surgery
is significantly greater for patients with diabetes than for
those without diabetes.

About 184 million people worldwide have severe obesity,
but uptake of metabolic-bariatric surgery remains less
than 1% among eligible adults who qualify based on
weight-centric eligibility criteria.®*®” To glean further
insights into the potential policy effect of improving
uptake of metabolic—bariatric surgery we calculated the
number of potential years of life that could be gained
among the global pool of eligible candidates if uptake
rates were hypothetically increased. We assumed that
30% of the eligible cohort (ie, 55-2 million adults)
have preoperative diabetes, in keeping with published
estimates on the co-prevalence of severe obesity and
diabetes. On this basis, every 1-0% absolute increase in
metabolic-bariatric surgery use among candidates with
diabetes yields 5133600 future life-years and without
diabetes yields 6568800 future life-years. This would
imply that if metabolic-bariatric surgery uptake in 2014
were 1-0% among candidates with and without dia-
betes, then increasing utilisation rates to 2-5% and 1-5%
respectively would generate 10 984800 additional potential
life-years (figure 4). If uptake rates increased to 3-5%
and 2-0%, among candidates with or without diabetes
respectively, this would generate a potential future gain of
19402800 life-years globally would be seen (figure 4).

Finally, we honed in on studies that focused on
specific metabolic-bariatric operations (figure 5). Of
23450 patients undergoing Roux-en-Y gastric bypass,
546 patients died during a follow-up of 216413 patient-
years; whereas the matched control population of
26554 individuals recorded 1070 deaths over a period of
185593 patient-years (HR 0-430, 95% CI 0-387-0-478,
p<0-0001; p=0-0008 for test of proportional hazards).
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59 of 7373 patients who underwent sleeve gastrectomy
died over a follow-up of 38531 patient-years; whereas
those who received routine care recorded 209 deaths of
14097 patients over 58559 patient-years of follow-up
(HR 0-475, 95% CI 0-354-0-639, p<0-0001; p=0-21 for
test of proportional hazards). There were 96 deaths
among 4815 patients who underwent adjustable gastric
banding compared with 454 deaths among 12407 matched
controls, with overall follow-up durations of 34369
and 82038 patient-years in both groups, respectively
(HR 0-500, 95% CI 0-401-0- 624, p<0-0001; p=0-062 for
test of proportional hazards). The magnitude of treatment
effects was not dissimilar between these three bariatric
procedures (between-subgroup heterogeneity 12 3-4%,
p=0-36 from a two-stage meta-analysis).

Discussion

In this meta-analysis of 174772 individuals with
1-2 million person-years of follow-up, metabolic—
bariatric surgery was associated with approximately half
the rate of death from any cause compared to usual care
in the overall population, with more marked benefits
among patients with pre-existing diabetes compared to
individuals who did not have diabetes at baseline. These
pooled associations, which are predicated on recon-
structed patient-level time-to-event data from high-quality
matched cohort and prospective controlled studies, have
strong biological plausibility and—in the absence of
randomised trials with long-term follow-up—represent
an important contribution regarding the potential public
health and long-term effect of this underused weight-loss
modality.

In subgroup analyses, gastric bypass, banding, and
sleeve gastrectomy were associated with 50-57% lower
rates of all-cause mortality compared with matched
adults with obesity in the non-surgical group. Proponents
of the notion that survival benefit is correlated with the
extent of weight loss and remission of cardiometabolic
comorbidities might observe that intervention effect
sizes were greatest for Roux-en-Y gastric bypass, followed
by sleeve gastrectomy, and then banding procedures, and
argue that this ranking of treatment effects appears to
mirror the gradation of weight-loss outcomes and rates
of comorbidity resolution for each type of operation.**
However, our results do not support such a notion since
we did not detect any statistically significant heterogeneity
in the quantum of survival benefit conferred by these
three types of operations; although conversely, it must
be emphasised that this result does not, therefore,
necessarily validate the null hypothesis (of homogeneity
of treatment effects across the three procedures). The
comparison of intervention effects across bariatric
operations is weakened by several limitations. First,
the Cochran Q test, which underpins this result, has
inherently low power to detect differences in the
magnitude of treatment effects across subgroups.
Second, the low power of this test is further diminished

Number at risk Time (years)
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Figure 5: Cumulative mortality and numbers-at-risk table for all participants who underwent metabolic-
bariatric surgery versus usual nonsurgical management of obesity, stratified by type of operation

(A) Subgroup analysis of RYGB patients and their matched controls. (B) Subgroup analysis of LAGB patients and
their matched controls. (C) Subgroup analysis of LSG patients and their matched controls. Note that the relative
hazard reduction is computed as (1-HR) x 100% (eg, a HR of 0-475 translates to a reduction in the hazard rate of
death of 52:5%). HR=hazard ratio. LAGB=laparoscopic adjustable gastric banding. LSG=laparoscopic sleeve

gastrectomy. RYGB=Roux-en-Y gastric bypass.

by the small sample size of each subgroup, and the fact
that few participants in the sleeve gastrectomy group and
their matched controls died over the course of their short
follow-up (which was only up to 7 years). Third, the HR
estimate in the gastric bypass group was not constant
over time because there was evidence of departure from
proportional hazards, which is probably related to an
accelerated (steeper) failure rate in the non-surgical
group beginning from the 14-year mark. For these
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reasons, it is our view that the comparative effects of
different bariatric procedures on long-term survival
remains unresolved.

Our results are largely consistent with recent studies
but should provide more accurate and precise estimates
of long-term survival and intervention effects to
guide policy and facilitate patient counselling. With
approximately 8000 events recorded over a follow-up
period up to 3 decades, the present analysis has adequate
power to paint an accurate picture of the long-term
survival outcomes of patients with metabolic—bariatric
surgery. There were some differences between our
conclusions and those of individual studies. For example,
the studies by Lent and colleagues” and Pontiroli and
colleagues® found no significant reduction in all-cause
mortality for patients without diabetes, whereas our
study delineated a clinically and statistically significant
survival advantage in this subgroup. This result is
probably explained by the lack of statistical power in
individual studies, considering that their point estimates
indicated large numerical reductions in the hazard rate
of death in the metabolic—bariatric surgery group but did
not meet criteria for statistical significance because of
their wide confidence intervals. The observation that
patients with diabetes benefit more from metabolic—
bariatric surgery correlates with findings from the SOS
study, which has previously shown that raised baseline
glucose and insulin concentrations were predictive of
favourable treatment effects.”” This finding is important,
with implications for future planning, development of
clinical algorithms, and prioritisation of patients for
metabolic-bariatric surgery.

Furthermore, median life expectancy projected in our
study was 6-1 years longer for the metabolic—bariatric
surgery group than for the control group, which is larger
than the 3-0-year difference forecasted by SOS investi-
gators, although we used identical modelling techniques
(Gompertz proportional-hazards model) as the SOS
study. The longer life expectancy difference estimated in
our pooled patient-level analysis compared with the
recently published SOS study warrants discussion. A
plausible explanation relates to residual confounding in
the SOS trial, which could have biased their results against
the surgery group.” As detailed in the appendix (pp 42—46),
only 12-9% and 63-8% of participants in the SOS control
group had diabetes and hypertension at baseline com-
pared with 17-2% and 78-4% respectively in the surgery
group. Additionally, more participants in the SOS control
group (21-1%) had a university degree, which is a known
predictor of lifespan, compared with 12-8% in the surgery
group. Such imbalances—where participants in the
control group are ostensibly healthier and more educated
at baseline than surgical patients—could bias results in
favour of conventional obesity management. A further
contributing reason could be the fact that in the SOS
study,” close to 90% of patients underwent vertical banded
gastroplasty (69%) or gastric banding (18%)—which could

engender fewer metabolic benefits in terms of diabetes
resolution and weight loss—whereas our meta-analysis
had a higher proportion of patients undergoing
Roux-en-Y gastric bypass or sleeve gastrectomy. Taken
together, these factors could cause life expectancy
differences between the surgical and control groups to be
slightly underestimated in the SOS trial, and potentially
account for the discrepancy between our estimates (gain
in life expectancy of 6-1 years in our pooled analysis of
174772 individuals vs 3-0 years in the SOS study*).

Aside from large sample numbers, there are other
strengths notable in the present work. To improve
generalisability of treatment effects, our primary analyses
and conclusions are driven by random-effects (shared-
frailty) models.”* These not only make the assumption
that individual studies’ effect sizes deviate from the true
common effect size due to sampling error, but also
account for an additional source of variance that stems
from heterogeneity in participant characteristics and
interventions across studies. Moreover, our results
changed very modestly in sensitivity analyses using
conventional aggregate data meta-analysis or stratified
Cox models, which are alternative methods that have
been advocated for addressing between-study hetero-
geneity arising due to the clustering of participants at the
study-level,”** indicating that the pooled effect sizes are
robust. This study is, to our knowledge, the first meta-
analysis in this field to make use of reconstructed
individual participant data meta-analysis, which is
heralded as the gold standard for evidence synthesis.”
Furthermore, the inclusion of 16 high-quality matched
cohort studies and one controlled prospective trial in this
meta-analysis should alleviate some of the criticisms of
previous studies, such as reverse causality, confounding
by baseline covariate imbalances, and selection biases.

Our study has several limitations and caveats. First,
pharmacological interventions for obesity as well as
its associated health complications have evolved tremen-
dously in recent years, and it is unclear whether the
magnitude of the survival advantage may be attenuated
by advances in pharmacotherapy’ Similarly, it is also
important to recognise limitations in the comparisons
with respect to the lack of standardisation in the non-
surgical control group, in which patients might receive
a more varied level of intervention. For example, this
is evidenced in the SOS study, where the authors
acknowledged this limitation varies from intensive
medical intervention to none at all. Several newer classes
of diabetes medications have since been approved after
the turn of the century, including DPP-4 inhibitors, GLP-1
agonists, and SGLT-2 inhibitors. Some of these drugs have
also shown significant risk reductions for cardiovascular
death and hospitalisation and have recently gained
approval for treatment of heart failure.”™ More options
have also emerged for treatment of obesity itself,
including orlistat, high-dose liraglutide,** semaglutide,**
phentermine plus topiramate, and naltrexone plus
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bupropion.”* For example, semaglutide 2-4 mg once
weekly has shown metabolic outcomes (eg, approximately
15% weight loss on average and HbAlc reduction of
about 1-5%) that are comparable to gastric banding
and, therefore, it is interesting to speculate whether
semaglutide could also yield comparable long-term
mortality benefits.””**** However, most included studies
used techniques that explicitly controlled for the cohort
entry year, such as sequential stratification matching,®*
sequential allocation, matching on the index
date, #2366 or simply setting the recruitment window
to be no more than 2 years apart (eg, 2002-03);”* hence,
chronological bias should be minimal in included studies.
Second, it is crucial to recognise that patients in the
metabolic-bariatric surgery group—even though this
was not necessarily stated in included studies—most
likely continued to receive lifestyle and pharmacological
interventions after metabolic-bariatric surgery. Hence,
a more nuanced interpretation of our findings should
be that metabolic—bariatric surgery, when used in
conjunction with conventional care (medical and lifestyle
therapies), is associated with the effect sizes obtained in
our study. Third, although the algorithm we applied allows
us to closely approximate the original individual patient
time-to-event within the matched studies,” it does not
provide us with additional patient-level covariates, which
could potentially afford greater insight. Fourth, we
concentrated on all-cause mortality, because it was the
most consistently reported primary endpoint across
studies, whereas other time-to-event outcomes such as
cardiovascular mortality had variable definitions that
precluded meta-analysis and are also more likely to be
affected by detection bias. Lastly, interpretation of our
results must take into account the fact that most included
studies were observational. Although their matched
designs might mitigate confounding and selection biases,
other sources of bias—arising from patient attrition,
medication non-adherence, as well as data collection
being less than rigorous (missing data and misclassified
International Classification of Disease-9 codes)—cannot
be eliminated.

Randomised clinical trials with sufficient power to
assess a rare outcome such as mortality are unlikely to
ever be done because such studies require large sample
numbers, long-term follow-up spanning decades, and are
prohibitively expensive. As such, our study—using one-
stage meta-analysis to synthesise evidence from the few
high-quality longitudinal studies published to date—is
likely to have important clinical, public-health policy, and
research implications. One of the outstanding questions
not adequately clarified by this review is whether the
magnitude of survival benefits conferred by different
types of metabolic-bariatric procedures are truly com-
parable or actually differ slightly.

An intricately-related area of research is whether there
is a disparity in the number of quality-adjusted life-years
after different procedures. If survival benefits are truly

equal for all three procedures, then Roux-en-Y gastric
bypass could be associated with the fewest quality-
adjusted life-years, given that it is associated with a
higher rate of long-term complications such as micro-
nutrient and endocrine derangements.” However, this
cursory cost-utility analysis becomes more convoluted if
the long-term survival of Roux-en-y gastric bypass is
shown to be superior to other procedures, owing to the
countervailing considerations of longer survival versus
potentially worse quality-of-life utilities. The large
UK By-Band-Sleeve study (NCT02841527) is currently
ongoing to assess health-related quality of life and health
economics of these procedures. Future research should
also attempt to better address the extent to which survival
benefit is mediated by weight loss, and to characterise
such a relationship in detail. Numerous studies have
suggested that gastrointestinal operations can exert
weight-independent effects on diabetes™ and, therefore,
it might be interesting to speculate whether some of the
beneficial effects of metabolic—bariatric surgery on long-
term survival could also be weight-independent.” Finally,
it would be instructive to harmonise reporting of other
time-to-event endpoints (eg, cardiovascular mortality)
and competing risks to facilitate future attempts at
individual patient data meta-analysis.

In conclusion, the results of this study show that
metabolic-bariatric surgery is associated with substan-
tially lower all-cause mortality rates and longer life
expectancy among adults with severe obesity, with
reasonably low numbers needed to treat to prevent one
additional death within 10 years. Substantially greater
survival benefits are seen among people with pre-existing
diabetes than those without. As such, clinicians and
policymakers should not hesitate to consider metabolic—
bariatric surgery in the management of patients with
obesity and type 2 diabetes.

Contributors

NLS, AS, and LZW were responsible for the concept and design of the
study. NLS, DJL, JJZ, YEL, LZW, Z]JK, CAC, and AS did the search
strategy and selection of eligible studies. NLS, JJZ, DJL, YEL, and

BCT reconstructed the individual participant data. NLS, JJZ, ML, and
BCT did the statistical analyses. Z]JK, CAC, AS, and NLS did the
risk-of-bias assessment. NLS, ZJK, CAC, DJL, AS, BCT, ML, GK, JB-YS,
LMK, DEC, and JBD interpreted the data. NLS, LZW, DEC, D, LMK,
and AS drafted the manuscript. NLS, ZJK, JJZ, CAC, DJL, AS, ML, BCT,
GWK, JB-YS, YEL, LZW, Z]K, LMK, DEC, and JBD critically revised the
manuscript for important intellectual content. AS, GK, JB-YS, ML, BCT,
LMK, DEC, and JBD supervised the study. All authors had full access to

all the data in the study, and NLS and AS had final responsibility for the
decision to submit for publication.

Declaration of interests

JBD has consultancies with Bariatric Advantage, iNova, and Reshape;
and is on advisory boards for Novo Nordisk and Nestlé Health Science.
LMK has received funds from Boehringer Ingelheim, Ethicon, Gelesis,
GI Dynamics, Johnson & Johnson, Pfizer, Novo Nordisk, and Rhythm
Pharmaceuticals. DEC is on the scientific advisory boards for GI
Dynamics, DyaMx, Magnamosis, Metavention, and Gila Therapeutics.
All other authors declare no competing interests.

Data sharing
This manuscript makes use of publicly available data from published
studies; therefore, no original data are available for sharing.

www.thelancet.com Published online May 6, 2021 https://doi.org/10.1016/50140-6736(21)00591-2



Articles

References

1

10

1

12

13

14

15

16

17

18

19

20

21

10

Abbafati C, Machado DB, Cislaghi B, et al. Global burden of 87 risk
factors in 204 countries and territories, 1990-2019: a systematic
analysis for the Global Burden of Disease Study 2019. Lancet 2020;
396: 1223-49.

Roth GA, Mensah GA, Johnson CO, et al. Global burden of
cardiovascular diseases and risk factors, 1990-2019: update from the
GBD 2019 study. ] Am Coll Cardiol 2020; 76: 2982-3021.

Després JP, Lemieux I. Abdominal obesity and metabolic
syndrome. Nature 2006; 444: 881-87.

Prabhakaran D, Jeemon P, Sharma M, et al. The changing patterns
of cardiovascular diseases and their risk factors in the states of
India: the Global Burden of Disease Study 1990-2016.

Lancet Glob Health 2018; 6: €1339-51.

Pearson-Stuttard ], Zhou B, Kontis V, Bentham ], Gunter MJ,
Ezzati M. Worldwide burden of cancer attributable to diabetes and
high body-mass index: a comparative risk assessment.

Lancet Diabetes Endocrinol 2018; 6: e6-15.

Furer A, Afek A, Sommer A, et al. Adolescent obesity and midlife
cancer risk: a population-based cohort study of 2-3 million
adolescents in Israel. Lancet Diabetes Endocrinol 2020; 8: 216-25.
Bhaskaran K, Dos-Santos-Silva I, Leon DA, Douglas IJ, Smeeth L.
Association of BMI with overall and cause-specific mortality:

a population-based cohort study of 3-6 million adults in the UK.
Lancet Diabetes Endocrinol 2018; 6: 944-53.

Jayedi A, Soltani S, Zargar MS, Khan TA, Shab-Bidar S. Central
fatness and risk of all cause mortality: systematic review and dose-
response meta-analysis of 72 prospective cohort studies. BM] 2020;
370: m3324.

Mechanick J1, Youdim A, Jones DB, et al. Clinical practice
guidelines for the perioperative nutritional, metabolic, and
nonsurgical support of the bariatric surgery patient 2013 update:
cosponsored by American Association of Clinical Endocrinologists,
The Obesity Society, and American Society for Metabolic & Bariatric
Surgery. Obesity (Silver Spring) 2013; 21: S1-27.

Jensen MD, Ryan DH, Apovian CM, et al. 2013 AHA/ACC/TOS
guideline for the management of overweight and obesity in adults:
a report of the American college of cardiology/American heart
association task force on practice guidelines and the obesity society.
J Am Coll Cardiol 2014; 63: 2985-3023.

Schauer PR, Mingrone G, Ikramuddin S, Wolfe B. Clinical
outcomes of metabolic surgery: efficacy of glycemic control, weight
loss, and remission of diabetes. Diabetes Care 2016; 39: 902-11.
Dixon JB, Zimmet P, Alberti KG, Rubino F. Bariatric surgery:

an IDF statement for obese Type 2 diabetes. Surg Obes Relat Dis
2011; 7: 433-47.

American Diabetes Association. Obesity management for the
treatment of type 2 diabetes: standards of medical care in
diabetes-2021. Diabetes Care 2021; 44 (suppl 1): S100-10.

Koh Z]J, Chew CAZ, Zhang J]Y, et al. Metabolic outcomes after
revisional bariatric surgery: a systematic review and meta-analysis.
Surg Obes Relat Dis 2020; 16: 1442-54.

Schauer PR, Bhatt DL, Kirwan JP, et al. Bariatric Surgery versus
intensive medical therapy for diabetes — 5 year outcomes.

N Engl ] Med 2017; 376: 641-51.

Adams TD, Davidson LE, Litwin SE, et al. Weight and metabolic
outcomes 12 years after gastric bypass. N Engl ] Med 2017;
377:1143-55.

Ikramuddin S, Korner |, Lee WJ, et al. Lifestyle intervention and
medical management with vs without Roux-en-Y gastric bypass and
control of hemoglobin Alc, LDL cholesterol, and systolic blood
pressure at 5 years in the diabetes surgery study. JAMA 2018;

319: 266-78.

Dixon JB, le Roux CW, Rubino F, Zimmet P. Bariatric surgery for
type 2 diabetes. Lancet 2012; 379: 2300-11.

Yeo C, Kaushal S, Lim B, et al. Impact of bariatric surgery on serum
uric acid levels and the incidence of gout-A meta-analysis. Obes Rev
2019; 20: 1759-70.

Yeo C, Ho G, Syn N, et al. Revisional one-anastomosis gastric bypass
after restrictive index surgery—a metaanalysis and comparison with
revisional Roux-en-Y gastric bypass. Obes Surg 2020; 31: 949-64.
Gloy VL, Briel M, Bhatt DL, et al. Bariatric surgery versus
non-surgical treatment for obesity: a systematic review and meta-
analysis of randomised controlled trials. BM] 2013; 347: £5934.

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

41

42

Mingrone G, Panunzi S, De Gaetano A, et al. Metabolic surgery
versus conventional medical therapy in patients with type 2
diabetes: 10-year follow-up of an open-label, single-centre,
randomised controlled trial. Lancet 2021; 397: 293-304.

Hofsg D, Fatima F, Borgeraas H, et al. Gastric bypass versus sleeve
gastrectomy in patients with type 2 diabetes (Oseberg): a single-
centre, triple-blind, randomised controlled trial.

Lancet Diabetes Endocrinol 2019; 7: 912-24.

Carlsson LMS, Sjoholm K, Jacobson P, et al. Life expectancy after
bariatric surgery in the Swedish obese subjects study. N Engl | Med
2020; 383: 1535-43.

Aminian A, Zajichek A, Arterburn DE, et al. Association of
metabolic surgery with major adverse cardiovascular outcomes in
patients with type 2 diabetes and obesity. JAMA 2019; 322: 1271-82.
Fisher DP, Johnson E, Haneuse S, et al. Association between
bariatric surgery and macrovascular disease outcomes in patients
with type 2 diabetes and severe obesity. JAMA 2018; 320: 1570-82.
Lent MR, Benotti PN, Mirshahi T, et al. All-cause and specific-cause
mortality risk after Roux-en-Y gastric bypass in patients with and
without diabetes. Diabetes Care 2017; 40: 1379-85.

Reges O, Greenland P, Dicker D, et al. Association of bariatric
surgery using laparoscopic banding, Roux-en-Y gastric bypass,

or laparoscopic sleeve gastrectomy vs usual care obesity
management with all-cause mortality. JAMA 2018; 319: 279-90.
Thereaux |, Lesuffleur T, Czernichow S, et al. Long-term adverse
events after sleeve gastrectomy or gastric bypass: a 7-year
nationwide, observational, population-based, cohort study.

Lancet Diabetes Endocrinol 2019; 7: 786-95.

Arterburn DE, Olsen MK, Smith VA, et al. Association between
bariatric surgery and long-term survival. JAMA 2015; 313: 62-70.
Eliasson B, Liakopoulos V, Franzén S, et al. Cardiovascular disease
and mortality in patients with type 2 diabetes after bariatric surgery
in Sweden: a nationwide, matched, observational cohort study.
Lancet Diabetes Endocrinol 2015; 3: 847-54.

Moussa O, Ardissino M, Heaton T, et al. Effect of bariatric surgery
on long-term cardiovascular outcomes: a nationwide nested cohort
study. Eur Heart J 2020; 41: 2660-67.

Doumouras AG, Hong D, Lee Y, Tarride J-E, Paterson JM,

Anvari M. Association between bariatric surgery and all-cause
mortality: a population-based matched cohort study in a universal
health care system. Ann Intern Med 2020; 173: 694-703.

Simmonds MC, Higgins JPT, Stewart LA, Tierney JF, Clarke MJ,
Thompson SG. Meta-analysis of individual patient data from
randomized trials: a review of methods used in practice. Clin Trials
2005; 2: 209-17.

Riley RD, Lambert PC, Abo-Zaid G. Meta-analysis of individual
participant data: rationale, conduct, and reporting. BM] 2010;

340: c221.

Moher D, Liberati A, Tetzlaff ], Altman DG. PRISMA Group.
Preferred reporting items for systematic reviews and meta-analyses:
the PRISMA statement. Ann Intern Med 2009; 151: 264-69.

Stroup DF, Berlin JA, Morton SC, et al. Meta-analysis of
observational studies in epidemiology: a proposal for reporting.
Meta-analysis Of Observational Studies in Epidemiology (MOOSE)
group. JAMA 2000; 283: 2008-12.

Sheetz KH, Gerhardinger L, Dimick JB, Waits SA. Bariatric Surgery
and long-term survival in patients with obesity and end-stage
kidney disease. JAMA Surg 2020; 155: 581-88.

Hoskuldsdottir G, Ekelund J, Miftaraj M, et al. Potential benefits
and harms of gastric bypass surgery in obese individuals with type 1
diabetes: a nationwide, matched, observational cohort study.
Diabetes Care 2020; 43: 3079-85.

Sjostrom L, Narbro K, Sjéstrém CD, et al. Effects of bariatric
surgery on mortality in Swedish obese subjects. N Engl ] Med 2007;
357: 741-52.

Dicker D, Greenland P, Leibowitz M, et al. All-cause mortality of
patients with and without diabetes following bariatric surgery:
comparison to non-surgical matched patients. Obes Surg 2020;

31: 755-62.

Pontiroli AE, Ceriani V, Tagliabue E, et al. Bariatric surgery,
compared to medical treatment, reduces morbidity at all ages but
does not reduce mortality in patients aged <43 years, especially if
diabetes mellitus is present: a post hoc analysis of two retrospective
cohort studies. Acta Diabetol 2020; 57: 323-33.

www.thelancet.com Published online May 6, 2021 https://doi.org/10.1016/50140-6736(21)00591-2



Articles

43

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

Plecka Ostlund M, Marsk R, Rasmussen F, Lagergren |, Nislund E.
Morbidity and mortality before and after bariatric surgery for
morbid obesity compared with the general population. Br J Surg
2011; 98: 811-16.

Aminian A, Aleassa EM, Bhatt DL, et al. Bariatric surgery is
associated with a lower rate of death after myocardial infarction
and stroke: a nationwide study. Diabetes Obes Metab 2019;

21: 2058-67.

Pontiroli AE, Zakaria AS, Mantegazza E, et al. Long-term
mortality and incidence of cardiovascular diseases and type 2
diabetes in diabetic and nondiabetic obese patients undergoing
gastric banding: a controlled study. Cardiovasc Diabetol 2016;

15: 39.

Wells GA, Shea B, O’Connell D, et al. The Newcastle-Ottawa Scale
(NOS) for assessing the quality of nonrandomised studies in
meta-analyses. http://www.ohri.ca/programs/clinical _
epidemiology/oxford.asp (accessed Dec 9, 2018).

Guyot P, Ades AE, Ouwens M], Welton NJ. Enhanced secondary
analysis of survival data: reconstructing the data from published
Kaplan-Meier survival curves. BMC Med Res Methodol 2012; 12: 9.
Wei Y, Royston P. Reconstructing time-to-event data from published
Kaplan-Meier curves. Stata J 2017; 17: 786-802.

Syn NL, Kabir T, Koh YX, et al. Survival advantage of laparoscopic
versus open resection for colorectal liver metastases: a meta-
analysis of individual patient data from randomized trials and
propensity-score matched studies. Ann Surg 2019; 272: 253-65.
Song Y, Sun F, Redline S, Wang R. Random-effects meta-analysis of
combined outcomes based on reconstructions of individual patient
data. Res Synth Methods 2020; 11: 594-616.

Papadimitropoulou K, Stijnen T, Riley RD, Dekkers OM,

le Cessie S. Meta-analysis of continuous outcomes: using pseudo
IPD created from aggregate data to adjust for baseline imbalance
and assess treatment-by-baseline modification. Res Synth Methods
2020; 11: 780-94.

Freeman SC, Sutton AJ, Cooper NJ. Uptake of methodological
advances for synthesis of continuous and time-to-event outcomes
would maximize use of the evidence base. | Clin Epidemiol 2020;
124: 94-105.

de Jong VMT, Moons KGM, Riley RD, et al. Individual participant
data meta-analysis of intervention studies with time-to-event
outcomes: a review of the methodology and an applied example.
Res Synth Methods 2020; 11: 148-68.

Debray TPA, Moons KGM, Ahmed I, Koffijberg H, Riley RD.

A framework for developing, implementing, and evaluating clinical
prediction models in an individual participant data meta-analysis.
Stat Med 2013; 32: 3158-80.

Bowden ], Tierney JF, Simmonds M, Copas AJ, Higgins JP.
Individual patient data meta-analysis of time-to-event outcomes:
one-stage versus two-stage approaches for estimating the hazard ratio
under a random effects model. Res Synth Methods 2011; 2: 150-62.
Smith CT, Williamson PR, Marson AG. Investigating heterogeneity
in an individual patient data meta-analysis of time to event
outcomes. Stat Med 2005; 24: 1307-19.

Schemper M, Smith TL. A note on quantifying follow-up in studies
of failure time. Control Clin Trials 1996; 17: 343—46.

Grambsch PM, Therneau TM. Proportional hazards tests and
diagnostics based on weighted residuals. Biometrika 1994; 81: 515-26.
Shea BJ, Reeves BC, Wells G, et al. AMSTAR 2: a critical appraisal tool
for systematic reviews that include randomised or non-randomised
studies of healthcare interventions, or both. BM] 2017; 358: j4008.
Altman DG, Andersen PK. Calculating the number needed to treat
for trials where the outcome is time to an event. BM] 1999;

319: 1492-95.

Christou NV, Sampalis JS, Liberman M, et al. Surgery decreases
long-term mortality, morbidity, and health care use in morbidly
obese patients. Ann Surg 2004; 240: 416-24.

Pontiroli AE, Zakaria AS, Fanchini M, et al. A 23-year study of
mortality and development of co-morbidities in patients with
obesity undergoing bariatric surgery (laparoscopic gastric banding)
in comparison with medical treatment of obesity.

Cardiovasc Diabetol 2018; 17: 161.

Busetto L, Mirabelli D, Petroni ML, et al. Comparative long-term
mortality after laparoscopic adjustable gastric banding versus
nonsurgical controls. Surg Obes Relat Dis 2007; 3: 496-502.

64

65

66

67

68

69

70

71

72

73

74

75

76

78

79

80

81

82

Ceriani V, Sarro G, Micheletto G, et al. Long-term mortality in obese
subjects undergoing malabsorptive surgery (biliopancreatic
diversion and biliointestinal bypass) versus medical treatment.
Int ] Obes 2019; 43: 1147-53.

Adams TD, Gress RE, Smith SC, et al. Long-term mortality after
gastric bypass surgery. N Engl ] Med 2007; 357: 753-61.

Guidry CA, Davies SW, Sawyer RG, Schirmer BD, Hallowell PT.
Gastric bypass improves survival compared with propensity-
matched controls: a cohort study with over 10-year follow-up.

Am J Surg 2015; 209: 463-67.

Hassinger TE, Mehaffey JH, Johnston LE, Hawkins RB,

Schirmer BD, Hallowell PT. Roux-en-Y gastric bypass is safe in
elderly patients: a propensity-score matched analysis.

Surg Obes Relat Dis 2018; 14: 1133-38.

Wong CKH, Wu T, Wong SKH, et al. Effects of bariatric surgery on
kidney diseases, cardiovascular diseases, mortality and severe
hypoglycaemia among patients with type 2 diabetes mellitus.
Nephrol Dial Transplant 2020; 27: gfaa075.

Dixon JB. Regional differences in the coverage and uptake of
bariatric-metabolic surgery: a focus on type 2 diabetes.

Surg Obes Relat Dis 2016; 12: 1171-77.

Himpens ], Ramos A, Welbourn R, Dixon J, Kinsman R, Walton P.
Fourth IFSO global registry report. 2019. https://www.ifso.com/ifso-
registry.php (accessed Dec 18, 2020).

Rubino F, Puhl RM, Cummings DE, et al. Joint international
consensus statement for ending stigma of obesity. Nat Med 2020;
26: 485-97.

NCD Risk Factor Collaboration (NCD-RisC). Trends in adult body-
mass index in 200 countries from 1975 to 2014: a pooled analysis of
1698 population-based measurement studies with 19-2 million
participants. Lancet 2016; 387: 1377-96.

Carlsson LMS, Peltonen M, Ahlin S, et al. Bariatric surgery and
prevention of type 2 diabetes in Swedish obese subjects.

N Engl | Med 2012; 367: 695-704.

Pearson-Stuttard ], Bennett ], Cheng YJ, et al. Trends in
predominant causes of death in individuals with and without
diabetes in England from 2001 to 2018: an epidemiological analysis
of linked primary care records. Lancet Diabetes Endocrinol 2021;

9: 165-73.

Zannad F, Ferreira JP, Pocock SJ, et al. SGLT2 inhibitors in patients
with heart failure with reduced ejection fraction: a meta-analysis of
the EMPEROR-Reduced and DAPA-HF trials. Lancet 2020;

396: 819-29.

Ghosh-Swaby OR, Goodman SG, Leiter LA, et al. Glucose-
lowering drugs or strategies, atherosclerotic cardiovascular events,
and heart failure in people with or at risk of type 2 diabetes:

an updated systematic review and meta-analysis of randomised
cardiovascular outcome trials. Lancet Diabetes Endocrinol 2020;

8: 418-35.

Lingvay I, Catarig AM, Frias JP, et al. Efficacy and safety of
once-weekly semaglutide versus daily canagliflozin as add-on to
metformin in patients with type 2 diabetes (SUSTAIN 8):

a double-blind, phase 3b, randomised controlled trial.

Lancet Diabetes Endocrinol 2019; 7: 834—44.

Pratley RE, Aroda VR, Lingvay I, et al. Semaglutide versus
dulaglutide once weekly in patients with type 2 diabetes

(SUSTAIN 7): a randomised, open-label, phase 3b trial.

Lancet Diabetes Endocrinol 2018; 6: 275-86.

Teo YH, Teo YN, Syn NL, et al. Effects of sodium/glucose
cotransporter 2 (SGLT2) inhibitors on cardiovascular and metabolic
outcomes in patients without diabetes mellitus: a systematic review
and meta-analysis of randomized-controlled trials. ] Am Heart Assoc
2021; 10: e019463.

Kelly AS, Auerbach P, Barrientos-Perez M, et al. A randomized,
controlled trial of liraglutide for adolescents with obesity.

N Engl ] Med 2020; 382: 2117-28.

Pi-Sunyer X, Astrup A, Fujioka K, et al. A randomized, controlled
trial of 3.0 mg of liraglutide in weight management. N Engl | Med
2015; 373: 11-22.

O’Neil PM, Birkenfeld AL, McGowan B, et al. Efficacy and safety of
semaglutide compared with liraglutide and placebo for weight loss
in patients with obesity: a randomised, double-blind, placebo and
active controlled, dose-ranging, phase 2 trial. Lancet 2018;

392: 637-49.

www.thelancet.com Published online May 6, 2021 https://doi.org/10.1016/50140-6736(21)00591-2

11



Articles

12

83

84

85

86

Yabe D, Nakamura J, Kaneto H, et al. Safety and efficacy of oral
semaglutide versus dulaglutide in Japanese patients with type 2
diabetes (PIONEER 10): an open-label, randomised,
active-controlled, phase 3a trial. Lancet Diabetes Endocrinol 2020;

8: 392-406.

Wilding JPH, Batterham RL, Calanna S, et al. Once-weekly
semaglutide in adults with overweight or obesity. N Engl | Med 2021;
384: 989-1002.

Wadden TA, Bailey TS, Billings LK, et al. Effect of subcutaneous
semaglutide vs placebo as an adjunct to intensive behavioral therapy
on body weight in adults with overweight or obesity: the STEP 3
randomized clinical trial. JAMA 2021; published online Feb 24.
https://doi.org/10.1001/jama.2021.1831.

Davies M, Feerch L, Jeppesen OK, et al. Semaglutide 2-4 mg once a
week in adults with overweight or obesity, and type 2 diabetes
(STEP 2): a randomised, double-blind, double-dummy, placebo-
controlled, phase 3 trial. Lancet 2021; 397: 971-84.

87

88

89

90

91

Apovian CM, Aronne L], Bessesen DH, et al. Pharmacological
management of obesity: an endocrine society clinical practice
guideline. J Clin Endocrinol Metab 2015; 100: 342-62.

Srivastava G, Apovian CM. Current pharmacotherapy for obesity.
Nat Rev Endocrinol 2018; 14: 12-24.

Syn NL, Lee PC, Kovalik JP, et al. Associations of bariatric
interventions with micronutrient and endocrine disturbances.
JAMA Netw Open 2020; 3: €205123.

Batterham RL, Cummings DE. Mechanisms of diabetes improvement
following bariatric/metabolic surgery. Diabetes Care 2016; 39: 893-901.
Aminian A, Zajichek A, Tu C, et al. How much weight loss is
required for cardiovascular benefits? Insights from a metabolic
surgery matched-cohort study. Ann Surg 2020; 272: 639-45.

www.thelancet.com Published online May 6, 2021 https://doi.org/10.1016/50140-6736(21)00591-2



	Association of metabolic–bariatric surgery with long-term survival in adults with and without diabetes: a one-stage meta-analysis of matched cohort and prospective controlled studies with 174 772 participants
	Introduction
	Methods
	Search strategy and selection criteria
	Risk of bias assessment
	Data extraction and reconstruction of individual patient data
	Data synthesis
	Role of the funding source

	Results
	Discussion
	References


