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Both metabolic surgery and glucagon-like peptide-1(GLP-1) receptor agonists
(RAs) improve cardiometabolic outcomes, but their long-term outcomes
have not been directly compared. Here, we compared macrovascular and

microvascular outcomesin 1,657 patients (65.7% female) with type 2 diabetes
and obesity who underwent metabolic surgery with 2,275 similar patients
(53.5% female) who received treatment with GLP-1RAs. Using adoubly
robust estimation method to balance baseline characteristics between
groups, we examined the time to all-cause mortality, incident major adverse
cardiovascular events (MACE), nephropathy and retinopathy over amedian
follow-up of 5.9 years. The 10-year cumulative incidence of all-cause mortality
was 9.0% (95% confidence interval (ClI) 6.8-10.8%) in the metabolic surgery
group and 12.4% (95% C19.9-15.2%) in the GLP-1RA group (adjusted hazard
ratio (HR) 0.68 (95% C10.48-0.96), P= 0.028). Compared with the GLP-1

RA group, metabolic surgery was also associated with a lower risk of MACE
(adjusted HR 0.65; 95% C10.51-0.82; P < 0.001), nephropathy (adjusted HR
0.53;95% C10.43-0.67; P< 0.001) and retinopathy (adjusted HR 0.46; 95% CI

0.29-0.75; P=0.002). These findings indicate that even with the availability of
GLP-1RAs, metabolic surgery remains superior to medical treatment. Future
studies should compare the cardiometabolic outcomes of metabolic surgery

with newer GLP-1RAs that are more effective for weight reduction.

Cardiovascular disease, nephropathy and retinopathy are major
causes of morbidity and premature mortality among patients
with obesity and diabetes. Small randomized clinical trials (RCTs)
have documented the significant effect of metabolic surgery on
excess body weight and diabetes control' . Larger-scale observa-
tional studies further showed that metabolic surgery, compared
with nonsurgical management, is associated with a significantly lower
risk of incident macrovascular and microvascular disease*”".

Over the past decade, glucagon-like peptide-1 (GLP-1) receptor
agonists (RAs) have emerged as a recommended pharmacological
option for glycemic control and cardioprotective therapy in patients

withtype 2 diabetes mellitus (T2DM) and obesity®. This has beenbacked
by evidence from RCTs showing that GLP-1RAs prevent cardiovascular
events, particularly in those with established atherosclerotic cardio-
vascular disease’ .

While both metabolic surgery and GLP-1 RAs improve car-
diometabolic outcomes, their impact on incident macrovascular
and microvascular disease, including major adverse cardiovascu-
lar events (MACE), nephropathy, retinopathy and mortality has
not been directly compared. It is challenging and costly to
conduct sufficiently powered RCTs with adequate follow-up in
this setting.
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Table 1| Baseline characteristics of patients in the metabolic surgery and GLP-1RA groups at the index date

Baseline variable Unweighted Weighted®
Surgical GLP-1RA Standardized Surgical GLP-1RA Standardized
(n=1,657) (n=2,275) difference® (n=1,657) (n=2,275) difference®
Age (years), mean (s.d.) 51(11.3) 56.6 (10.2) 0.528 53.7(10.6) 53.7(10.7) 0
Annual zip code income 53.7(19.6) 56.2 (19.5) 0127 54.9 (19.8) 54.9 (19.5) (0]
(thousands of US$), mean (s.d.)
(Missing) 45 (2.7) 10(0.4) 0] 0
Index date, mean (s.d.) 2014 (2.2) 2016.3 (1.3) 1.247 2014.1(2.2) 2016.2 (1.3) 117
Location Florida 429 (25.9) 282 (12.4) 0.348 (18.4) (18.4) 0
Ohio 1,228 (74.1) 1,993 (87.6) (81.6) (81.6)
Race® Black 332(20) 317 (13.9) 0.168 (16.8) (16.8) 0
Demographics Missing 30(1.8) 56 (2.5) (21 (21
Other 53(3.2) 68 (3) (2.9) (2.9)
White 1,242 (75) 1,834 (80.6) (781) (781)
Sex Female 1,089 (65.7) 1,218 (53.5) 0.250 (63.2) (63.2) (0]
Male 568 (34.3) 1,057 (46.5) (36.8) (36.8)
Smoking status Current 41(2.5) 206 (9.1) 0.379 (4.3) (4.3) (0]
Former 646 (39) 876 (38.5) (39.9) (39.9)
Missing 83(5) 17(0.7) (1.6) (1.6)
Never 887(53.5) 1176 (51.7) (54.0) (54.)
BMI (kgm™), mean (s.d.) 46.3 (8.8) 38.6 (6.9) -0.975 42.4(6.2) 42.4(8.5)
Systolic BP (mmHg), mean (s.d.) 130.9 (15.8) 128.9 (15.5) -0.129 129.6 (15.7) 129.6 (15.2)
(Missing) 0 12 (0.5) 0 (0]
HbA1c (%), mean (s.d.) 7.5(1.6) 76 (1.5) 0.082 76 (1.5) 76 (1.6) (0]
(Missing) 161(9.7) 336 (14.8) (0] (0]
HDL-C (mgdl™), mean (s.d.) 44.5 (11.6) 42.8(12.3) -0.142 44 (11.5) 44 (12.6) (0]
(Missing) 183 (11) 464 (20.4) 0 0
Clinical and LDL-C (mgdl™), mean (s.d.) 95.8(33.5) 85.6 (33) -0.308 91.5 (32.7) 91.5 (34.5) 0
laboratory data (Missing) 195 (11.8) 464 (20.4) o g
Triglycerides (mgdl™), mean (s.d.) 176.7 (141.4) 177.2 (155.5) 0.004 178 (120.2) 178 (167.4) 0
(Missing) 183 (11) 466 (20.5) (0] (0]
UACR (mgg™), mean (s.d.) 98.5(362.7) 87.6 (388.9) -0.029 63.1(249.6) 63.1(274.7) (0]
(Missing) 1,040 (62.8)  1,327(58.3) 0 0
eGFR?(mlmin1.73m™), 90.9 (22.8) 88.6(21.4) -0103 89.8 (21.5) 89.8(22.3) 0
mean (s.d.)
(Missing) 0 139 (6.1) 0 0
Insulin 444 (26.8) 758 (33.3) 0143 (30.8) (30.8)
Count of non-insulin diabetes 0.9(0.8) 1.2(0.9) 0.345 11(0.9) 11(0.9)
medications (numerical),
mean (s.d.)
Count of non-insulin diabetes (0] 540 (32.6) 507 (22.3) 0.367 (26.9) (27.6) omn
medications
1 780 (47.1) 969 (42.6) (47.3) (45.3)
Medication 2 265 (16) 619 (27.2) (19.5) (21.9)
history 3 70 (4.2) 153 (6.7) (5.9) (4.4)
4 2(0J) 27(1.2) (0.3 (0.7)
Lipid-lowering drugs 816 (49.2) 1,502 (66) 0.345 (58.5) (58.5) o]
RAAS Inhibitors® 894 (54) 1,486 (65.3) 0.233 (59.7) (59.7) (0]
Other antihypertensive drugs 878 (53) 1,151(50.6) -0.048 (52.2) (52.2) (0]
Aspirin 366 (22.1) 566 (24.9) 0.066 (24.5) (24.5) 0
Warfarin 57(3.4) 53(2.3) -0.066 2.7) 2.7) 0
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Table 1(continued) | Baseline characteristics of patients in the metabolic surgery and GLP-1RA groups at the index date

Baseline variable Unweighted Weighted®
Surgical GLP-1RA Standardized Surgical GLP-1RA Standardized
(n=1,657) (n=2,275) difference® (n=1,657) (n=2,275) difference®
Atrial fibrillation 75 (4.5) 128 (5.6) 0.05 (4.7) (4.7) (0]
Cerebrovascular disease 26 (1.6) 39(1.7) 0.01 (1.4) (1.4) 0
Chronic obstructive pulmonary 115 (6.9) 151(6.6) -0.012 (6.5) (6.5) (0]
disease
Coronary arterial disease 121(7.3) 224 (9.8) 0.091 (8.5) (8.5) 0
Dyslipidemia 1,031(62.2) 1,702 (74.8) 0.274 (70.4) (70.4) (0]
Medical history ~_Heartfailure 93 (5.6) 90 (4) -0.078 @) @) 0
Hypertension 1,238 (74.7) 1,728 (76) 0.029 (76.3) (76.3) 0
Myocardial infarction 26 (1.6) 62(2.7) 0.08 (1.9) (1.9) 0
Nephropathy 243 (14.7) 323(14.2) -0.013 (14.6) (14.6) (0]
Neuropathy 153 (9.2) 377 (16.6) 0.22 (13.4) (13.4) (0]
Peripheral arterial disease 52(3.1) 105 (4.6) 0.077 (4.0) (4.0) 0
Retinopathy 35(2.1) 142 (6.2) 0.208 (3.2) (3.2) 0

Data, including missing data, are n (%) unless stated otherwise. °Based on the average weighted summary values over the imputation datasets. After overlap weighting, a single individual
no longer represents a single data entity; thus, raw counts are not reported after overlap weighting. "Absolute value of the between-group difference in means or proportions (metabolic
surgery-GLP-1RA group) divided by the pooled s.d. °Race was obtained from electronic health records and based on patients selecting from fixed categories. “Calculated using the 2021
CKD-EPI creatinine equation®. °RAAS inhibitors include angiotensin-converting enzyme inhibitors and angiotensin receptor blockers. Abbreviations: HDL-C, high-density lipoprotein

cholesterol; LDL-C, low-density lipoprotein cholesterol; UACR, urine albumin-to-creatinine ratio.

The M6 (Macrovascular and Microvascular Morbidity and Mor-
tality after Metabolic surgery versus Medicines) observational study
aimed to investigate the association between metabolic surgery and
long-term risk of all-cause mortality, MACE, nephropathy and retin-
opathy in patients with obesity and T2DM, compared with precisely
balanced patients who were medically managed with GLP-1RAs. The
study also examined the association of metabolic surgery with meas-
ures of diabetes controland medicationuse. The study tried to examine
whether there is any benefit from metabolic surgeryinthe age of GLP-1
RA medications.

Results

Participants

A total of 3,932 adult patients (2,307 (58.7%) female; 3,076 (78.2%)
White, 649 (16.5%) Black, 121 (3.1%) other races; mean age, 54.2 years
(s.d.11.0); mean body mass index (BMI), 41.8 kg m~ (s.d. 8.6)) with
obesity and T2DM who received care at the Cleveland Clinic Health
System (CCHS) in the United States from 2010 to 2017 were studied
(Extended DataFig.1).

There were1,657 patientsin the metabolic surgery group (includ-
ing 1,015 (61.3%) Roux-en-Y gastric bypass (RYGB) and 642 (38.7%)
sleeve gastrectomy) and 2,275 patientsin the GLP-1RA group. The GLP-1
RA medications in the nonsurgical group during the follow-up were
liraglutide in 1,488 (65.4%), dulaglutide in 1,106 (48.6%), exenatide in
740 (32.5%), semaglutide in 602 (26.5%), tirzepatide in 101 (4.4%) and
lixisenatide in 65 (2.9%) patients. Inthe metabolic surgery group, 6.0%
of patients filled a prescription for GLP-1RAs in the 6 months leading
to the surgery; that number decreased to 2.4% at 6 months after the
surgery and continued to remain low (1.5%) at 1-year after surgery
(Supplementary Fig.1).

The distribution of 33 a priori-identified baseline covariates
for the metabolic surgery and the GLP-1RA group was precisely bal-
anced (standardized differences = 0) after overlap weighting (Table1).
Supplementary Table1details the baseline socioeconomic character-
istics of the surgical and nonsurgical groups.

The median follow-up for the entire cohort was 5.9 years (inter-
quartile range (IQR) 4.4-7.6 years), including 6.1 years (IQR 2.3-8.7
years) for the metabolic surgery group and 5.9 years (IQR 5.0-7.0 years)

forthe GLP-1RA group. Surveillanceinboth groups followed a similar
pattern before and after the index dates (Supplementary Fig. 2).

All-cause mortality

Atthe end of the study follow-up period (31 December 2022),108 indi-
viduals in the metabolic surgery group and 153 in the GLP-1RA group
died. In the overlap weighted analysis, the cumulative incidence of
all-cause mortality at 10 years was 9.0% (95% C1 6.8-10.8%) in the meta-
bolicsurgery group and12.4% (95% C19.9-15.2%) inthe GLP-1RA group.
Inthe doubly robust analysis, the adjusted absolute risk difference was
3.8%(95% C10.3-7.2%); adjusted HR 0.68 (95% C10.48-0.96); P= 0.028
(Fig.1aand Table 2). Separation of Kaplan-Meier curves favoring meta-
bolic surgery was observed 4 years after the index date.

MACE

Duringthe study follow-up, in the unweighted dataset, 220 patientsin
the metabolic surgery group and 488 patients in the GLP-1 RA group
experienced incident MACE, which was a composite of four adverse
events (coronary artery events, cerebrovascular events, heart failure
or atrial fibrillation) (Extended Data Table 1).

In the overlap weighted analysis, the cumulative incidence of
MACE at 10 years was 23.7% (95% C120.0-27.6%) in the metabolic sur-
gery group and 34.0% (95% CI 28.1-44.2%) in the GLP-1 RA group. In
the doubly robust analysis, the adjusted absolute risk difference was
8.8% (95% C13.8-13.3%); adjusted HR 0.65 (95% C10.51-0.82); P< 0.001
(Fig.1b and Table 2).

The 10-year cumulative incidence estimates (Kaplan-Meier) of
the MACE components are presented in the Extended Data Table 2.

Nephropathy
By the end of the M6 study, 218 patients in the metabolic surgery group
and 440 patientsinthe GLP-1RA group experienced incident nephropa-
thy, defined as a decline of estimated glomerular filtration rate (eGFR)
of 40% or more or to <15 ml min 1.73 m™, initiation of dialysis or kidney
transplant (Extended Data Table 3).

In the overlap weighted analysis, the cumulative incidence of
nephropathy at 10 years was 21.4% (95% C117.8-24.7%) in the metabolic
surgery group and 37.0% (95% C130.2-45.1%) inthe GLP-1RA group. In
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Fig. 1| Ten-year cumulative incidence estimates for primary and secondary end points. a-d, Kaplan-Meier curves showing the cumulative incidence of all-cause
mortality (a), incident MACE (b), incident nephropathy (c) and incident retinopathy (d) in the metabolic surgery and the GLP-1RA groups.

Table 2 | Incidence estimates, absolute risk differences and hazard ratios (HRs) for macrovascular and microvascular
outcomes for metabolic surgery patients versus nonsurgical patients

Outcome Metabolic surgery (n=1,657) GLP-1RA (n=2,275) Unadjusted Adjusted Adjusted HR P
- - - - absolute absolute (95% Cl)?
nwith Rate per100 Cumulative nwith Rateper100 Cumulative 10-year risk 10-year risk
event patient-years® incidence (%) event patient-years® incidence (%) difference (%) difference (%)
with 95%Cl with95%Clat . iiare ol with95% CI°
at10 years® 10 years®
All-cause mortality 108 0.95 9.0 (6.8-10.8) 153 117 12.4 (9.9-15.2) 3.5(0.6-74) 3.8(0.3-7.2) 0.68(0.48-0.96) 0.028
MACE® 220 2.68 23.7(20.0-27.6) 488 3.73 34.0 (28.1- 44.2) 10.3(3.2-21.6) 8.8(3.8-13.3) 0.65(0.51-0.82) <0.001
Nephropathy 218 2.33 21.4 (17.8-24.7) 440 3.68 37.0(30.2-45.1) 156(8.0-234) 126(81-16.7) 0.53(0.43-0.67) <0.001
Retinopathy 52 0.58 5.5 (4.1-7.4) 191 1.30 15.9 (11.2-25.0) 10.5 (4.9-19.9) 6.4(2.7-106) 0.46(0.29-0.75) 0.002

“Based on overlap weighted data by taking the total number of (weighted) events observed divided by the total (weighted) event time (for those with events) or follow-up time (for those
censored). "Based on overlap weighted data. °Estimated using fully adjusted Cox models. “HRs (95% Cls) and P values from fully adjusted Cox models comparing the relative instantaneous
risk of each outcome for surgical versus nonsurgical patients; the Cls and two-sided P values were computed with a normal approximation. *A composite end point that was defined as the first
occurrence of coronary artery events, cerebrovascular events, heart failure or atrial fibrillation. Exact P value for MACE=3.6x10"%; exact P value for nephropathy=6.4x107®.

the doubly robust analysis, the adjusted absolute risk difference was
12.6% (95% C18.1-16.7%); adjusted HR 0.53 (95% C10.43-0.67); P< 0.001
(Fig.1cand Table 2).

Retinopathy
Duringthe study follow-up, 52 patients in the metabolic surgery group
and 191 patientsinthe GLP-1RA group developed retinopathy, defined
as development of de novo retinopathy or progression of preexisting
retinopathy (Extended Data Table 3).

In the overlap weighted analysis, the cumulative incidence of
retinopathy at 10 years was 5.5% (95% Cl 4.1-7.4%) in the metabolic

surgery group and 15.9% (95% CI11.2-25.0%) in the GLP-1RA group. In
the doubly robust analysis, the adjusted absolute risk difference was
6.4% (95% C12.7-10.6%); adjusted HR 0.46 (95% C10.29-0.75); P=0.002
(Fig.1d and Table 2).

Subgroup analysis

Interactiontesting did not show statistically significant heterogeneity
inthe association of metabolic surgery with risk of all-cause mortality,
MACE, nephropathy and retinopathy based on sex, age, race, smoking
status, BMI, glycated hemoglobin (HbAlc) level, eGFR or use of insulin
or renin-angiotensin-aldosterone system (RAAS) inhibitors (Fig. 2).
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Variable Favors Favors Adjusted HR Interaction Favors Favors  Adjusted HR Interaction
metabolic surgery GLP-1RA (95%Cl)  P-value metabolic surgery GLP-1RA (95%Cl) P-value
Death MACE
Sex
Female 0.64 (0.41-1.00) 0.61(0.45-0.83)
Male E———— 0.73(0.44-1.21) 0.70 e 0.69 (0.50-0.94) 0.57
Age
<55 1.09 (0.55-2.15) 0.52(0.34-0.78)
>55 E— 0.58 (0.39-0.88) 0.12 =i 0.71(0.55-0.93) 0.16
Race
White 0.62 (0.42-0.91) 0.65 (0.50-0.84)
Black } ] | 0.85(0.38-1.91) 0.47 e a— 0.64(0.39-1.06) 0.96
Smoking status
Never 0.52 (0.31-0.89) 0.62 (0.46-0.84)
Current/former e 0.75 (0.49-1.15) 0.28 —— 0.67(0.49-0.91) 0.75
BMI
<40 0.67(0.37-1.22) 0.66 (0.46-0.95)
240 e 0.64(0.43-0.97) 0.90 = 0.63(0.48-0.84) 0.83
HBATC
<7% 0.68 (0.41-1.14) 0.67(0.48-0.93)
7% e 0.67(0.42-1.07) 0.83 = 0.64(0.47-0.87) 0.79
eGFR
<90 0.54 (0.35-0.83) 0.69 (0.52-0.93)
290 s E— 0.94(0.54-1.62) 0.10 = 0.60 (0.43-0.83) 0.48
Insulin
No 0.62 (0.41-0.95) 0.69 (0.52-0.92)
Yes E——— 0.77(0.44-1.35) 0.52 e 0.57(0.40-0.82) 0.38
Lipid-lowering medications
No 1.06 (0.62-1.80) 0.60 (0.42-0.86)
Yes ——— 0.50(0.32-0.78) 0.03 = 0.67(0.51-0.89) 0.58
RAAS inhibitor
No 0.66 (0.38-1.13) 0.49(0.33-0.72)
Yes e 0.69 (0.45-1.05) 0.90 = 0.73 (0.56-0.95) 0.07
Nephropathy Retinopathy
Sex
Female 0.61(0.47-0.79) 0.45 (0.26-0.78)
Male Fa—] 0.41(0.29-0.60) 0.06  |—=———] 0.48 (0.24-0.96) 0.87
Age
<65 0.50 (0.35-0.72) 0.44 (0.23-0.86)
>55 o] 0.56(0.43-0.74) 059 | —=—] 0.48 (0.27-0.84) 0.84
Race
White 0.51(0.40-0.67) 0.35(0.20-0.61)
Black — 053(0.34-0.83) 090 =11 0.64(0.28-1.44) 0.9
Smoking status
Never 0.44 (0.33-0.60) 0.40 (0.22-0.72)
Current/former =] 0.62(0.46-0.85) 0.09 e — 0.60 (0.33-1.09) 0.28
BMI
<40 0.53 (0.37-0.76) 0.42(0.19-0.92)
240 =] 0.52(0.40-0.69) 0.96 | —=——| 0.48(0.29-0.82) 0.74
HBAlC
<7% 0.52(0.37-0.73) 0.22(0.09-0.55)
27% o] 0.54(0.41-0.72) 0.81 e — 0.57(0.34-0.95) 0.06
eGFR
<90 0.61(0.46-0.82) 0.47(0.27-0.84)
290 b= 0.44 (0.32-0.61) 0.11 —— 0.45(0.24-0.84) 0.89
Insulin
No 0.57(0.43-0.75) 0.33(0.19-0.58)
Yes =] 0.48 (0.34-0.68) 0.46 ——— 0.63(0.35-1.15) 0.07
Lipid-lowering medications
No 0.57(0.41-0.79) 0.24(0.12-0.48)
Yes F=— 0.51(0.39-0.68) 0.62 e 0.62(0.36-1.05) 0.02
RAAS inhibitor
No 0.52 (0.36-0.75) 0.53 (0.27-1.05)
Yes =] 0.54(0.41-0.71) 0.86 —— 0.43(0.25-0.74) 0.57
O‘ OiS 1.0 2‘0 C‘) O‘AS 1.0 2.‘0

Fig. 2| Association of metabolic surgery versus GLP-1RAs with primary and
secondary end points in key subgroups in the fully adjusted Cox models.
Adjusted HRs and 95% Cls are shown. Adjusted HRs were calculated after
individually removing variables of interest from the fully adjusted Cox model
and replacing it with the dichotomous subgroup variable and its interaction

termwith the treatment variable. For example, the continuous age covariate was
replaced by a dichotomous version and its interaction term with the treatment.
Pvalues for the interaction term between each variable and the surgical indicator
from the fully adjusted model are also presented. The subgroup interactions
were not adjusted for multiplicity and should be viewed cautiously.
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Fig. 3| Mean trend curves of weight loss and HbAlc values over 10 years of
follow-up. a,b, Plots displaying smoothed mean trends of percentage weight loss
(a) and absolute HbAlc values (b) from baseline to follow-up. The shaded areas
indicate the 95% Cls. The mean difference in total weight loss and HbAlc changes
at10 years between groups were estimated from a flexible, random-intercept
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linear model, with four-knot restricted cubic spline for time x treatment
interaction on measurements. The 95% Cls were obtained by bootstrapping
(100 bootstrap resampling) at the patient level and then using the percentile
method across all imputation datasets.

The Pvalue for the interaction was less than 0.05 for the association
of metabolic surgery with all-cause mortality and retinopathy based
on the use of lipid-lowering medications; the subgroup interactions
were not adjusted for multiplicity and should be viewed cautiously.

The main results were stratified according to the surgical pro-
cedure type (Extended Data Table 4). Both RYGB and sleeve gastrec-
tomy provided comparable benefits for all-cause mortality, MACE and
retinopathy. Gastric bypass was associated with a larger reduction of
incident nephropathy than sleeve gastrectomy.

Status of obesity, diabetes, and medication use over time

The mean body weight reduction at 10 years was 21.6% (95% CI1 20.2-
23.0%) in the metabolic surgery group and 6.8% (95% CI1 5.3-8.6%) in
the GLP-1RA group; the mean between-group difference in the overlap
weighted analysis was 14.8% (95% C112.6-16.8%); P < 0.001 (Fig. 3a).

The absolute change in HbAlc level at 10 years was —0.86% (95%
CI-1.03%t0—-0.70%) in the metabolic surgery group and -0.23% (95%
CI1-0.50% to 0.09%) in the GLP-1 RA group; the mean between-group
differenceinthe overlap weighted analysis was —0.63% (95% C1-0.97%
to -0.33%); P< 0.001 (Fig. 3b).

Throughout the study, the proportion of patients with active
prescriptions for diabetes (including sodium-glucose cotransporter
2 inhibitors), blood pressure (BP) (including RAAS inhibitors) and
cholesterol control was significantly higher in the nonsurgical group
compared to the surgical group (Fig. 4, Extended Data Fig. 2 and
Extended Data Table 5).

Adverse events after metabolic surgery

Inthe 90 days after metabolic surgery, 118 (7.1%) patients had serious
complications and eight (0.48%) patients died. Serious complications
included pulmonary adverse events (n =43,2.6%), bleeding requiring
transfusion (n =40, 2.4%), sepsis (n=26,1.6%), cardiac events (n =24,
1.4%), venous thromboembolism (n =22,1.3%), gastrointestinal leak
(n=15,0.9%), bowel obstruction requiring surgery (n = 6, 0.4%) and
renal failure requiring dialysis (n =1, 0.06%).

Sensitivity analyses

Although the primary analysis plan for this study was intention-to-treat,
to address noncompliance in the nonsurgical group, we performed
two sensitivity analyses by censoring nonsurgical patients who dis-
continued GLP-1RA medications. The main findings of the study were
supported by these additional analyses (Extended Data Table 6).

Moreover, to assess the robustness of the identified associations,
we censored surgical patients who continued to receive GLP-1RAs
after metabolic surgery or initiated GLP-1 RAs during the follow-up
(Extended Data Table 7).

The E-value was used to assess the potentialimpact of unmeasured
confounding factors. The magnitude of the associations of the known
risk factors with the study endpoints was smaller than the estimated
E-values for all-cause mortality (2.32), MACE (2.03), nephropathy (2.50)
and retinopathy (3.74), which makes it unlikely that unmeasured con-
founders could eliminate the favorable association between metabolic
surgery and the study endpoints (Extended Data Table 8).

Finally,acomparison of patients” health status between the study
index date and either the GLP-1 RA initiation date (in the nonsurgical
group) or thereferral date for metabolic surgery (in the surgical group)
showed asimilar pattern of increased frequency of diagnosed medical
conditionsand medicationuseinboth groups (Supplementary Table 2).
In the surgical group, unweighted BMI decreased from 47.9 kg m 2 at
the time of referral to 46.3 kg m™ at the time of surgery. In the non-
surgical group, unweighted BMI decreased from 39.3 kg m™2at GLP-1
RA initiation to 38.6 kg m™ on the index date. Changes in clinical and
laboratory measures followed a similar trend inboth groups. Nonsur-
gical patients experienced a greater reduction in HbAlc levels before
the index date, from 8.0% to 7.6%. In the surgical group, HbAlc levels
remained stable at 7.5% from the referral date to the day of surgery
(Supplementary Table 2).

Discussion
In this observational study with a long follow-up time, metabolic sur-
gery was associated with asignificantly lower risk of all-cause mortality,
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incident MACE, nephropathy and retinopathy compared to GLP-1RA
alonein alarge and well-balanced sample of individuals with T2DM
and obesity. Patients who received metabolic surgery, compared to
the GLP-1RA group, also experienced a larger reduction in total body
weight, HbAlc levels and need of diabetes and cardiovascular medica-
tions from baseline to 10 years.

Studies comparing metabolic surgery and GLP-1RA medications
have started to emerge. An observational propensity score-matched
cohortstudy based onthe Scandinavian national registries reported
a24% lower risk of MACE (HR 0.76 (95% C1 0.59-0.98)) in patients
with T2DM and obesity who underwent metabolic surgery compared

with a nonsurgical group with T2DM from the general population
treated with GLP-1 RAs (mainly liraglutide (81.7%); 0.8% semaglu-
tide; no tirzepatide)®. Variables in that study were limited to those
available in the registries and, for example, did not include weight
and weight change in the nonsurgical group®. In another recent
retrospective observational study based on datafrom alarge health
insurerinlIsrael, metabolic surgery was associated with a57% greater
reduction in primary incidence of heart failure (HR 0.43 (95% CI
0.27-0.68)) compared with treatment with GLP-1 RAs (mainly lira-
glutide (59.8%); 5.1% semaglutide; no tirzepatide) in patients with
T2DM and obesity’.
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Because sufficiently powered RCTs comparing metabolic sur-
gery to GLP-1RA medications with sufficient follow-up to document
macrovascular and microvascular events are challenging and costly to
conduct, carefully designed observational studies could provide rea-
sonably strong evidence to inform treatment decisions. The current
study included a larger group of nonsurgical patients who received
semaglutide (26.5%) or tirzepatide (4.4%), investigated awider range
of macrovascular and microvascular outcomes, and used doubly
robust estimation combining overlap weighting and outcome regres-
sion to minimize the effects of confounding factors when comparing
outcomesin the metabolic surgery group and the GLP-1RA group'*".
The first step in the doubly robust estimation—overlap weight-
ing—attempts to mimic the key properties of RCTs, namely target
population, covariate balance (i.e. standardized differences = O for
the mean values of the 33 baseline covariates) and precision'*", Sub-
sequently, outcome regression was used on 34 baseline covariates
for further adjustment.

With the emergence of data showing that GLP-1RAs induce clini-
cally meaningful weight loss'®” and prevent cardiovascular events® 2,
it has been suggested that they could potentially replace or obviate
the need for metabolic surgery. Ifa patient hasaccesstoa GLP-1RA, is
there any additional benefit to metabolic surgery? The present study
can conclude that there are substantial additional benefits, including
a survival benefit from metabolic surgery, in the era of GLP-1 RAs.
Our sensitivity analyses showed the clinical benefits from metabolic
surgery even in a subset of patients who were persistent with their
GLP-1RA medications. The lower rate of adverse clinical events after
metabolic surgery may be related to substantial and sustained weight
loss with subsequent improvement in metabolic, hemodynamic and
neurohormonal pathways. A growing body of evidence over the last
two decades suggests that anatomical changesin the gastrointestinal
tract after metabolic surgery could be also responsible for metabolic
and neurohormonal improvements, independent of weight loss'®".
Such sustained improvements are more challenging to achieve with
GLP-1RA alone because non-persistence with them is common?’?,
which hasbeen documented to result in weight regain and reversal of
cardiometabolic improvements®. To be eligible for inclusion in this
study, patientsin the GLP-1RA group had toreceive these medications
before and after their index dates.

In addition to the risk of adverse cardiovascular events, the cur-
rent study also examined the risk of microvascular outcomes of T2DM
and obesity. Epidemiological studies support the negative impact of
increased BMI on diabetic retinopathy®. Increased BMI is also associ-
ated withanincreased risk of diabetic and nondiabetic end-stage renal
disease”. Anearlier observational study of adults with T2DM found that
metabolic surgery was associated with a lower risk of nephropathy,
retinopathy and neuropathy compared with usual care®. However, to
our knowledge, the present study is the first to compare microvascular
outcomes in patients with obesity and T2DM who underwent metabolic
surgery versus those treated with GLP-1RAs.

This study has several limitations. First, the most common GLP-1
RAs in the nonsurgical group were liraglutide (65.4%) and dulaglu-
tide (48.6%), which have intermediate weight loss efficacy. Newer
GLP-1RA medications (for example, semaglutide and tirzepatide),
which can provide more favorable weight loss and cardiometabolic
outcomes'>"*, have become available to patients more recently and
toward the end of the follow-up time (Fig. 4). Nevertheless, data from
RCTs and observational studies showed smaller weight reduction in
patients with T2DM, even with high dosages of newer GLP-1RAs, such
assemagludite? 2. For example, the placebo-subtracted mean weight
reduction in patients with overweight or obesity with semaglutide,
2.4 mg once a week, was 12.5% in those without T2DM (STEP 1 study)
versus 6.2% with T2DM (STEP 2 study) at 68 weeks**?. Furthermore, the
dosage of GLP-1 RA medications in this study were likely for diabetes
control and were not optimized for weight reduction.

Second, there is a risk of selection bias. However, rigorous selec-
tioncriteriawere applied to include only relatively healthy nonsurgical
patientswho could have been eligible for metabolic surgeryifthis option
hadbeenoffered at the index date. Third, anideal target trial emulation
design to compare the outcomes with metabolic surgery versus GLP-1
RAs would require that the study baseline characteristics be captured
and the follow-up to begin at the time that the decision is made for an
individual to undergo metabolic surgery versus receiving GLP-1RAs
becauseit s at this point that care for the individual and their interac-
tionwith the healthcare system changes, depending on the decision® ",
Such information was not available in our dataset, limiting emulation
for theideal target trial. However, based on the findings from the main
and sensitivity analyses, our inability to emulate an ideal target trial is
unlikely to have had ameaningful impact on the clinical interpretation of
the study results. Fourth, although overlap weighting created a precise
balance for alonglist of important covariates'", and regression adjust-
ment was used to control for confounding, unmeasured confounders
(at baseline and during follow-up) may have influenced the findings of
this observational study, meaning causal inference cannot be assumed.
The E-value can help assess the potential impact of unmeasured con-
founding factors®. The magnitude of the associations between known
risk factors and the study endpoints was smaller than the estimated
E-values for mortality, MACE, nephropathy and retinopathy. This sug-
gests that unknown or unmeasured confounders are unlikely to negate
the observed favorable association between metabolic surgery and the
study endpoints. In addition, the Kaplan-Meier curves show a higher
initialincidence of the studied events after metabolic surgery, followed
by a parallel trend over several years before the curves diverge (Fig. 1).
If the separation of curves favoring metabolic surgery had occurred
immediately after the index dates, it would have strongly suggested the
presence of selection bias and residual confounding.

In conclusion, given the large sample size, using doubly robust
statistical estimation, and along follow-up time, the M6 study provides
strong evidence thatamong patients with T2DM and obesity, metabolic
surgery, compared with GLP-1 RA medications, is associated with a
lower risk of incident macrovascular and microvascular morbidity
and mortality. Inthe absence of RCTs, the current study represents the
most reliable evidence that metabolic surgery is superior to medical
treatmentevenwith the availability of GLP-1RAs. Future studies should
compare the cardiometabolic outcomes of metabolic surgery with
newer GLP-1RAs that are more effective for weight reduction.

Online content
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Methods

In this retrospective study, the target population included patients
with T2DM and obesity who were managed at the CCHS between
2010 and 2017. Patients were eligible to receive any diabetes medi-
cations, including GLP-1 RAs. In this observational analog of the
intention-to-treat analysis, patients who underwent metabolic surgery
during this period were compared with those who met the eligibility
criteria for metabolic surgery on their assigned index dates but did
not undergo surgery. In the nonsurgical group, we only included
patients receiving medical management with GLP-1 RA medications.
This was defined as having three or more documented prescription
fills in1year before their assigned index date and three or more fills
in1year after their assigned index date (see the ‘Study cohorts and
enrollment criteria’ section).

The study used the Cleveland Clinic electronic health records
(EHRs), including Surescripts dispensed prescription records®,
through 31 December 2022. The International Classification of Dis-
eases and Current Procedural Terminology procedure codes used in
thisstudy® are provided in Supplementary Table 3. The study outcomes
during the follow-up were ascertained by reviewing notes and testsin
the EHRs, either frominternal CCHS encounter data or through the Epic
Care Everywhereinteroperability platform, which provides exchange
of EHR data between participating healthcare systems.

The study was registered on the ClinicalTrials.gov website (reg-
istration no. NCT06355219). The study was approved by the CCHS
institutional review board as minimal-risk research using data collected
for routine clinical practice, for which the requirement for informed
consent was waived (study ID 19-066). The Strengthening the Report-
ing of Observational Studies in Epidemiology reporting guidelines
were followed™.

Study cohorts and enrollment criteria

Adult patients (aged between 18 and 75 years) with obesity (defined
by a BMI > 30 kg m™) and T2DM (defined by either HbAlc > 6.5% or
by taking at least one diabetes medication) who underwent RYGB or
sleeve gastrectomy at CCHS locations in Florida and Ohio between
1January 2010 and 31 December 2017, were identified for inclusion in
the metabolic surgery group. Patients witha history of organ transplan-
tation, cardiac ejection fraction lower than 20% and malignancies were
excluded (Extended DataFig.1). The date of first metabolic surgery was
used as anindex date for surgical patients.

A stringent process was followed to identify patients in the non-
surgical group. In the large pool of CCHS patients with a diagnosis of
T2DM (between1jJanuary 2010 and 31 December 2017) who did not have
a history of metabolic surgery, five dates from the collection of index
dates of surgical patients were randomly assigned to each patient,
which served as potential index dates for nonsurgical patients. On
eachassignedindex date, nonsurgical patients who met the age, BMI,
T2DM and the other aforementioned selection criteria for surgical
patients were considered for enrollment. Patients were also required
to receive GLP-1RA medications on the assigned index date, defined
byaprescriptionorder for GLP-1RA placed between 2010 and 2017, as
well as three or more documented prescription fills within1year before
their assigned index date and three or more fills within 1year after their
assigned index date. We then selected the earliest eligible index date
(from the available five potential index dates per patient) for each
included nonsurgical patient. This approach allowed us to construct
areasonable comparator group to the metabolic surgery group from
asample of nonsurgical patients receiving GLP-1RA medications who
could have been potentially eligible for metabolic surgery if that option
had been offered to them at the time of the assigned index date.

Primary and secondary endpoints
The primary endpoint was all-cause mortality. Death information
was obtained from a combination of the EHR, social security data and

state death indices. Secondary endpoints included incident MACE,
nephropathy and retinopathy.

MACE was a composite of four adverse outcomes, defined as the
first occurrence of coronary artery events, cerebrovascular events,
heart failure or atrial fibrillation (Extended Data Table 1). The earliest
occurrence of a coronary artery event, cerebrovascular event, heart
failure or atrial fibrillation after the index date was recorded as the
MACE event date. If a patient had history of one of these conditions
before the index date, a new event during the follow-up was consid-
eredbased on havingeither surgery or a procedure for that condition,
hospitalizations or laboratory values indicative of exacerbation of the
condition. The details are explained in Extended Data Table 1.

Incident nephropathy was defined as onset of 40% or more sus-
tained decline in eGFR compared with baseline (calculated using the
2021 CKD-EPI creatinine equation)™, onset of sustained eGFR less than
15 ml min 1.73 m?, initiation of dialysis or kidney transplant.

Incident retinopathy was defined by (1) the first occurrence of
any retinopathy in patients who did not have retinopathy at baseline
or (2) progression to a more severe form of retinopathy in those with
baseline retinopathy. The later included (2a) progression from mild
or moderate nonproliferative retinopathy to severe nonproliferative
retinopathy after the index date or (2b) progression form nonprolif-
erative retinopathy to proliferative retinopathy after the index date
(Extended Data Table 3).

Other outcomes

Weight, HbAlclevels and the dates of prescription orders and dispenses
of medications for T2DM and cardiovascular conditions were collected
using EHR datalinked to Surescripts dispensing records*, to compare
patients in the metabolic surgery and GLP-1 RA groups over time;
90-day complications of metabolic surgery were collected.

Statistical analysis

The study used doubly robust estimation combining overlap weighting
and outcome regression to minimize the effects of confounding factors
when comparing outcomes in the metabolic surgery group and the
GLP-1RA group*®. Thirty-three a priori-identified potential confound-
ers (including sex, age at the index date, race, CCHS hospital location
(Florida versus Ohio), household income estimate based on zip code,
smoking status and BMI; clinical and laboratory data on systolic BP,
triglycerides, HDL-C, LDL-C, HbAlc, eGFR and UACR; medical history
of hypertension, dyslipidemia, peripheral neuropathy, heart failure,
myocardial infarction, coronary artery disease, chronic obstructive
pulmonary disease, atrial fibrillation, peripheral arterial disease, cer-
ebrovascular events, nephropathy and retinopathy; and medication
history of non-insulin diabetes drugs, insulin, lipid-lowering medica-
tions, RAAS inhibitors and other antihypertensive medications, aspirin
and warfarin) were used for overlap weighting. Next, in the analytical
phase, the same variables used for overlap weighting, with the addition
of the index date, were controlled in the weighted fully adjusted Cox
proportional hazards regression model with robust standard errors
(sandwich estimators) for the regression coefficients.

To address the numerical variables with missing values at baseline,
multiple imputation using chained equations was used to create five
imputed datasets using predictive mean matching. Rubin’s formula
was used to derive imputation-corrected standard errors of model
estimates and contrasts®*%. Missing values for race and smoking sta-
tus variables were coded as a separate category and included in the
analyses as such.

For all-cause mortality, MACE, nephropathy and retinopathy, the
cumulative incidence estimates (using the Kaplan-Meier method),
unadjusted absoluterisk differences (weighted by the overlap weights)
and adjusted absolute risk differences (using fully adjusted Cox
models)*’ were calculated for 10 years after the index date. The 95%
Cls for the difference in the 10-year risk were obtained by combining
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percentiles across the bootstrap distributions fromall fiveimputation
datasets.

Aflexiblerandom-intercept linear model, with four-knot restricted
cubic spline for time x treatment interaction on measurements was
used to compare mean changes inweight and HbAlc during the study
follow-up. Point estimates were averaged over the imputation datasets.
The 95% Cls were estimated from patient-level bootstrap resampling.
The 2.5th and 97.5th percentiles were taken from the combined set of
bootstrap estimates across all imputations.

Atwo-sample proportions test was used to compare the proportions
of patients withactive prescriptions andfills of medications for T”2DM and
cardiovascular disease between the study groups at 10 years of follow-up
after theindex dates. Point estimates were averaged over theimputation
datasets. Pooled standard errors were obtained using Rubin’s formula®.

Given the nature of the study, all findings should be considered
exploratory. All analyses were performed using Rv.4.2.1.

Sensitivity analyses

The primary analysis plan for this study wasintention-to-treat, reflecting
the real-world scenario where notall participants may adhere perfectly
to the treatment during follow-up. In the primary analysis, nonsurgical
patients who were nonadherent to GLP-1RA medications after baseline
werenot censored. However, to address noncompliancein the nonsurgi-
calgroup, we performed two sensitivity analyses. In the first sensitivity
analysis, nonsurgical patients who discontinued GLP-1RA medications
(defined by a gap of more than 6 months in their active prescription
orders/dispensing records)*’ were censored at the earliest occurrence of
suchevents. Furthermore, we conducted an additional sensitivity analy-
sis modeling an extreme hypothetical scenario in which nonsurgical
patients who discontinued GLP-1RA medications remained event-free
throughout their entire follow-up (representing the best-case scenario
for nonsurgical patients). In that analysis, the main study outcomes
(mortality, MACE, nephropathy and retinopathy) were not counted for
nonsurgical patients who discontinued GLP-1RA medications from the
discontinuation date until the end of the available follow-up.

We conducted a third sensitivity analysis where surgical patients
who continued to receive GLP-1RAs after surgery or initiated GLP-1
RAs during follow-up were censored at the earliest occurrence of the
medication prescription order.

Furthermore, to assess the robustness of the identified associa-
tions between metabolic surgery and the study end pointsto potentially
unmeasured confounders, E-values were calculated®. As explained by
VanderWeele & Ding®, the E-value represents the minimum strength of
association—on the risk ratio scale—that an unmeasured confounder
would need to have with both the treatment and the outcome, con-
ditional on the measured covariates, to fully explain away a specific
treatment-outcome association. Asmall E-valueindicates thatonly a
weak unmeasured confounder would be needed to negate the observed
effectestimate. E-values (for both the HR estimates and the upper limit
of their 95% Cls) were calculated for the study outcomes, along with the
HRs of known confounders (for example, hypertension, insulin use).

Given prior concerns that observational efficacy estimates of
metabolic surgery may be overstated because of positive changes
during the preoperative period associated with medical screening and
optimization®, we compared patients’ health status between the study
index date and either the referral date for metabolic surgery (in the sur-
gicalgroup) or the GLP-1RA initiation date (in the nonsurgical group).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The dataset generated during the current study is not publicly available
to protect patient confidentiality. However, it is available to academic

investigators upon request, pending the receipt of a signed data shar-
ing agreement and review of the study protocol (approved by a local
institutional review board or research ethics committee), statistical
analysis plan and publication plan. All data sharing requests must be
approved by the CCHS institutional review board and the Law Depart-
ment before de-identified data can be shared. The corresponding
authors will respond to requests within 2 months of receipt.
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256 772 Total patients with diagnosis of T2DM identified in initial screening at the Cleveland Clinic Health System between 2010 and 2017

2754 Had codes for metabolic surgery|

481 Excluded for having surgery
before 2010

2273 Potentially eligible patients

306 Excluded for having procedures other than

gastric bypass or sleeve gastrectomy on chart review

1967 Potentially eligible patients

310 Excluded (did not meet enrollment criteria) ®
180 No diabetes medication or insulin
47 Cancer diagnosis

23 No BMI criteria or missing BMI value

22 Prior history of organ transplant

14 Dialysis or eGFR <20 before index date
11 No age criteria

11 EDadmission within 5 d prior to surgery
10 Cardiac ejection fraction <20%

1657 Patients undergoing metabolic

surgery included

Extended Data Fig. 1| Identification of eligible patients for inclusion. Details
of International Classification of Diseases (ICD) and Current Procedural
Terminology (CPT) codes used in cohort construction are available in
Supplementary Table 3.? Five dates from the collection of index dates of surgical
patients were randomly assigned to each nonsurgical control, which served as
potential index dates for nonsurgical patients.® Some patients met multiple

254 018 Nonsurgical controls received

1270 090 randomly assigned index dates *
260 368 Excluded for lack of follow-up
after assigned index date

1009 722 Potentially eligible index dates|

568 663 Excluded for diagnosis of diabetes

after assigned index date

441 059 Potentially eligible index dates

47 006 Excluded for no diabetes medication

or insulin

394 053 Potentially eligible index dates

388 659 Excluded for not on GLP-1RA on

assigned date

5394 Potentially eligible index dates 1998 Excluded index dates®

from 3415 patients

1510 No BMI criteria or missing BMI value

410 No age criteria

189 Cancer diagnosis

43 Prior history of organ transplant

37 Cardiac ejection fraction <20%

3396 Potentially eligible index dates 28 EDadmission within 5 d prior to index date
from 2275 patients 2 Dialysis or eGFR <20 before index date

Selection of the earliest qualified index
date for each patient ©

2275 Patients who continuously

received GLP-1RA included

exclusion criteria. “In case of more than one index date that a patient would
beeligible for inclusion, we selected the earliest eligible index date for each
nonsurgical patient. Abbreviations: BMI, body mass index; ED, emergency
department; eGFR, estimated glomerular filtration rate; GLP-1RA - glucagon-like
peptide-1receptor agonist; T2DM, type 2 diabetes mellitus.
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Extended Data Fig. 2| Proportions of patients with orders and dispenses

for other medications. Plots display proportions of patients (with 95%
point-wise confidence intervals (shaded areas)) in the metabolic surgery and
GLP-1RA groups over time who were prescribed or dispensed with the indicated
medications. For agiven time point (e.g., 1 year after the index date), prescription
orders (dashed lines) were defined as the percentage of patients (of those who
were followed up to at least that date) who had at least one prescription order
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for that medication, with start and end dates that encompassed that time point
(using the last follow-up date if the end date was missing). For a given time point
(e.g., 1year after the index date), medication dispenses (solid lines) were defined
as the percentage of patients (of those who were followed up to at least that
date) who had at least one dispense record for that medication in the preceding
6 months. Medication dispensation data was based on Surescripts data. SGLT2,
Sodium-Glucose Cotransporter 2.
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Extended Data Table 1| Definition of major adverse cardiovascular events (MACE)

In patients with no history at baseline

In patients with history of MACE before the
index date

Coronary artery
events

First occurrence of diagnostic/procedure code for unstable
angina, myocardial infarction, or coronary
intervention/surgery in patients who did not have history
of coronary artery events at baseline, verified by a record
of two additional codes to assure the accuracy of the event
during follow-up.

a) procedure code for coronary intervention or
coronary artery bypass graft surgery (CABG)
during follow-up, or b) manual chart review in
patients with hospitalization and laboratory
evidence of elevated troponin levels (new
acute myocardial infarction) during follow-up.

Cerebrovascular
events

First occurrence of diagnostic/procedure code for ischemic
stroke, hemorrhagic stroke, or carotid intervention/surgery
in patients who did not have history of cerebrovascular
events at baseline, verified by a record of two additional
codes to assure the accuracy of the event during follow-up.

a) procedure code for carotid intervention or
carotid surgery during follow-up or b) manual
chart review in patients with hospitalization
and principal/primary diagnosis of new stroke
during follow-up.

First occurrence of diagnostic code for heart failure in
patients who did not have history of heart failure at

Manual chart review in patients with at least 2
emergency department visits or a

Heart failure baseline, verified by a record of two additional codes to hqspltallzatlon with a dlggnosm code for heart
: failure and laboratory evidence of elevated
assure the accuracy of the event during follow-up.
BNP levels.
First occurrence of diagnostic code for atrial fibrillation in  Manual chart review in patients with an
Atrial patients who did not have history of atrial fibrillation at emergency department visit or hospitalization
fibrillation baseline, verified by a record of two additional codes to with principal/primary diagnosis of atrial

assure the accuracy of the event during follow-up.

fibrillation.

Diagnostic codes used in this study are presented in Supplementary Table 3. MACE was a composite end point, defined as the occurrence of coronary artery events, cerebrovascular events,
heart failure or atrial fibrillation during follow-up. The earliest occurrence of coronary artery events, cerebrovascular events, heart failure or atrial fibrillation after the index date was recorded

as the MACE event date.
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Extended Data Table 2 | Incidence estimates, absolute risk differences and hazard ratios for individual components of MACE
for metabolic surgery patients versus nonsurgical patients

Metabohe Surgeryi(u=1657) GLICLRA (n=2275). Unadjusted absolute Adjusted absolute
Rate Rate SO > z 5
e N Cumulative incidence 10-year risk 10-year risk Adjusted hazard TP
0,
i with P ef. 10t() Q}[r}r]n;lg(t;vecinctlf(e)nce M’b) with P e; IOtO (%) with 95% CI at 10 difference (%) with difference (%) with  ratio (95% CI)¢  value®
Event I;ae;s“ o uEESORRiyess Event 1;1;'“;:3 years ® 95% CI® 95% CI¢

Heart Failure 81 084 9.4% (7.0%, 11.6%) 202 153 12.7%(9.9%, 15.6%)  3.3%(-0.3%,7.5%)  8.7% (4.5%, 12.5%)  0.44(0.3,0.65)  <0.001
g’:e"r‘;agv ents 9% 1.16 11.5% (8.6%, 14.6%) 233 148 11.5%(8.9%, 13.8%)  0.01% (-3.0%,3.4%) 4% (0.2%,7.5%)  0.7(0.49,0.98)  0.037
Cerebrovascular 5, 0.36 4.0% (2.1%, 5.8%) 55 041 8.3%(2.9%, 19.8%)  4.3%(-1.5%, 15.7%)  0.1%(-3.7%,3.6%)  0.98(0.5,19)  0.94

Events

FAi:i?lllation 106 124 11.9% (9.2%, 14.0%) 196 128 14.4%(102%, 18.7%)  2.5% (-3.0%,7.6%)  1.7% (-2.3%,5.6%) 0.84(0.57,1.24)  0.38

“Based on overlap weighted data by taking the total number of (weighted) events observed divided by the total (weighted) event time (for those with events) or follow-up time (for those
censored). ®Based on overlap weighted data. °Estimated using fully adjusted Cox models. ®Hazard ratios (95% Cls) and P values from fully adjusted Cox models comparing the relative
instantaneous risk of each outcome for surgical versus nonsurgical patients; the confidence intervals and two-sided P values were computed with a normal approximation. The exact P value
for heart failure was 5.3x107°.
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Extended Data Table 3 | Definitions of nephropathy and retinopathy

Outcome Definition
Incident nephropathy Time to the first occurrence of any component of the composite endpoint:
e >40% sustained decline in eGFR
o End-stage renal disease, defined as the onset of sustained eGFR <15 mL/min/1.73 m?),
or the initiation of dialysis, or kidney transplant.
Development of new First occurrence of diagnostic code for any retinopathy condition or related procedure code
retinopathy during follow-up  in patients who did not have history of retinopathy before the index date (as described in
Supplementary Table 3), followed by a manual chart review to assure the accuracy of the
events.
Progression of retinopathy e Progression from mild/moderate before index date to severe NPDR after index date.?
during follow-up, diagnosed e Progression from NPDR before index date to PDR after index date.?
prior to index date

Comprehensive chart review of patients assessing ophthalmology encounters, notes, procedures, and diagnostic codes in EHR and scanned documents was performed. *Worsening of
retinopathy was based on: (1) documentation by the ophthalmologist based on dilated retinal examination; (2) new macular edema, vitreous hemorrhage; (3) need for procedures including
laser/panretinal photocoagulation (PRP), pars plana vitrectomy (PPV); (4) need for intravitreal injection (Avastin/bevacizumab) with no history of injection before the index date. Abbreviations:
eGFR, estimated glomerular filtration rate; NPDR, nonproliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy.
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Extended Data Table 4 | Incidence estimates and hazard ratios for macrovascular and microvascular outcomes for

metabolic surgery patients versus nonsurgical patients, stratified according to surgical procedure

Cumulative incidence (%) with 95% CI at 10 years 2

Adjusted hazard ratio

(95% CI)b P Value ¢
Outcome RYGB (n=1015) SG (n=642) GLP-1RA (n=2275)
) 8.6 9.1 12.4
ARcasemortalicy (5.9, 10.9) (6.0, 12.8) (99, 15.2)
RYGB vs SG 1.15 (0.64, 2.07) 0.631
RYGB vs GLP-1RA 0.72 (0.49, 1.05) 0.086
SG vs GLP-1RA 0.62 (0.36, 1.07) 0.086
21.0 305 34.0
MACE? (17.1,25.1) (22.5, 37.0) (28.1, 44.2)
RYGB vs SG 0.77 (0.54, 1.08) 0.127
RYGB vs GLP-1RA 0.58 (0.44, 0.77) <0.001
SG vs GLP-1RA 0.76 (0.56, 1.03) 0.075
182 284 37.0
Nephropathy (13.6, 21.8) (21.8, 35.8) (302, 45.1)
RYGB vs SG 0.54 (0.38, 0.76) <0.001
RYGB vs GLP-1RA 0.41 (0.31, 0.54) <0.001
SG vs GLP-1RA 0.76 (0.57, 1.01) 0.061
6.1 37 15.9
Refinopathy (4.3,8.7) (1.5,63) (11.2,25.0)
RYGB vs SG 1.25 (0.58, 2.73) 0.567
RYGB vs GLP-1RA 0.49 (0.29, 0.84) 0.009
SG vs GLP-1RA 0.39(0.19, 0.81) 0.011

2Based on overlap weighted data. *Estimated using fully adjusted Cox models. °Hazard ratios (95% Cls) and P values from fully adjusted Cox models comparing the relative instantaneous risk
of each outcome for surgical and nonsurgical patients; the confidence intervals and two-sided P values were computed with a normal approximation. “A composite end point that was defined
as first occurrence of coronary artery events, cerebrovascular events, heart failure or atrial fibrillation. The exact P values were: MACE (RYGB versus GLP-1RA)=1.3x10"*; nephropathy (RYGB
versus SG)=4.8x10"%; and nephropathy (RYGB versus GLP-1RA)=1.4x107°. Abbreviations: RYGB, Roux-en-Y gastric bypass; SG, sleeve gastrectomy.
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Extended Data Table 5 | Differences in proportion of patients on diabetes and cardiovascular medications at 10 years from

baseline between groups

Medication Unweighted Data Overlap Weighted Data
Estimate (95% CI) * P-value ® Estimate (95% CI)? P-value®
Oral hypoglycemic agents 50.2% (38%, 62.5%) 1.1 X107 47.9% (35.8%, 60%) 84X 101
Insulin 28.6% (14.3%, 42.9%) 8.8 X 107 29.6% (15.2%, 44%) 5.7X10°
GLP-1RAs 61.8% (47.9%, 75.7%) 1.0 X 10-%° 61.6% (47.8%, 75.5%) 1.0 X 10%°
Semaglutide or Tirzepatide 19.6% (7%, 32.1%) 0.002 17.8% (5.6%, 30%) 0.004
SGLT?2 inhibitors 29% (14.7%, 43.2%) 6.9 X 107 27% (12.7%, 41.3%) 22X 10*
Lipid-lowering drugs 52.7% (42.3%, 63.1%) 1.0 X 10°%° 49.3% (39.5%, 59%) 1.0 X 10°%°
RAAS inhibitors © 39.7% (25.3%, 54%) 6.4X10°® 38.7% (24.1%, 53.3%) 2.1 X107
Other antihypertensive drugs 32.1% (17.9%, 46.3%) 9.1X10° 32% (18.1%, 46%) 7.0X 10
Aspirin ¢ 8.7% (-3.2%, 20.7%) 0.152 5.1% (-6.7%, 16.9%) 0.397
Warfarin ¢ -2.8% (-4.8%, -0.7%) 0.007 -2.7% (-4.7%, -0.7%) 0.008

*Estimated between-group difference (GLP-1RA group—metabolic surgery) in the proportion of patients with prescription order for diabetes and cardiovascular medications at 10 years
from baseline. Point estimates were averaged over imputation datasets. Standard errors were estimated from the normal-based pooling of independent proportions and pooled across
imputations using Rubin’s formula. "Two-sided P values from normal quantiles from the pooled estimates are displayed. °Renin-angiotensin-aldosterone system (RAAS) inhibitors included
angiotensin-converting enzyme inhibitors and angiotensin receptor blockers. “The lack of positive effects of metabolic surgery on aspirin and warfarin use was reassuring. Abbreviations:

GLP-1RAs, glucagon-like peptide-1 receptor agonists; SGLT2, sodium-glucose cotransporter 2.

Nature Medicine


http://www.nature.com/naturemedicine

Article https://doi.org/10.1038/s41591-025-03893-3

Extended Data Table 6 | Results of the first and second sensitivity analyses from fully adjusted Cox models for each
outcome for metabolic surgery patients versus nonsurgical patients

Sensitivity Analysis 1 Sensitivity Analysis 2
After censoring nonsurgical patients After modeling for the extreme hypothetical
who discontinued GLP-IRA scenario that nonsurgical patients who
Outcome medications during follow-up at the discontinued GLP-1RA medications remained
earliest occurrence of such an event event-free throughout their entire follow-up
Adjusted hazard ratio Dol Adjusted hazard ratio Poalee
(95% CI) ? (95% CI) ®
All-cause mortality 0.78 (0.52, 1.17) 0.23 1.06 (0.72, 1.55) 0.784
MACE® 0.64 (0.50, 0.82) <0.001 0.79 (0.62, 1.00) 0.055
Nephropathy 0.52 (0.40, 0.67) <0.001 0.69 (0.54, 0.87) 0.002
Retinopathy 0.48 (0.29, 0.78) 0.003 0.60 (0.37, 0.96) 0.034

In the sensitivity analysis 1, nonsurgical patients who discontinued GLP-1RA medications (defined by a gap of >6 months in their active prescription orders/dispensation records) were
censored at the earliest occurrence of such events. In the sensitivity analysis 2, representing the best-case scenario for nonsurgical patients, nonsurgical patients who discontinued GLP-1RA
medications were modeled to not have experienced the study’s primary or secondary events from the discontinuation date until the end of the available follow-up. °Hazard ratios (95% Cls)
and P values from fully adjusted Cox models comparing the relative instantaneous risk of each outcome for surgical versus nonsurgical patients. ®"Major adverse cardiovascular events (MACE)
were a composite end point that was defined as the first occurrence of coronary artery events, cerebrovascular events, heart failure or atrial fibrillation. In the sensitivity analysis 1, the exact

P values for MACE=4.7x10"* and for nephropathy=2.7x107".
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Extended Data Table 7 | Results of the third sensitivity analysis from fully adjusted Cox models for each outcome for
metabolic surgery patients versus nonsurgical patients

Sensitivity Analysis 3
After censoring surgical patients who continued to receive GLP-

Outcome 1RA after surgery or initiated the GLP-1RA during follow-up
Adjusted hazard ratio (95% CI) ? P value ®

All-cause mortality 0.72 (0.50, 1.03) 0.07

MACE"® 0.68 (0.53, 0.87) 0.002

Nephropathy 0.54 (0.43, 0.69) <0.001

Retinopathy 0.39 (0.23, 0.66) <0.001

In the third sensitivity analysis, surgical patients who continued to receive GLP-1RA after surgery or initiated GLP-1RA during the follow-up were censored at the earliest occurrence of the
medication prescription order. *Hazard ratio (95% Cls) and P values from fully adjusted Cox models comparing the relative instantaneous risk of each outcome for surgical versus nonsurgical
patients. ®"Major adverse cardiovascular events (MACE) were a composite end point defined as the first occurrence of coronary artery events, cerebrovascular events, heart failure or atrial
fibrillation. The exact P values for nephropathy=4.8x107 and for retinopathy=4.4x10".
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Extended Data Table 8 | E-values for the association of metabolic surgery on study outcomes and their upper limits of 95%
confidence intervals in fully adjusted Cox models

Outcome E-value for E-value for upper Variable Level HR (95% CI)
HR estimate limit of 95% CI
All-cause mortality 2.32 125 Smoking status Former vs. Never 1.32(0.94, 1.85)
Current vs. Never 1.83 (0.89, 3.75)
Hypertension Yes vs. No 1.30(0.74, 2.30)
Dyslipidemia Yes vs. No 0.88 (0.58, 1.33)
Insulin Use Yes vs. No 1.14 (0.79, 1.64)
HbAlc (%) >7% vs. <7% 1.19 (0.83, 1.72)
Major adverse 2.03 1.73 Smoking status Former vs. Never 1.02 (0.83, 1.25)
cardiovascular endpoints Current vs. Never 0.88 (0.50, 1.54)
Hypertension Yes vs. No 0.97 (0.70, 1.35)
Dyslipidemia Yes vs. No 0.84 (0.66, 1.08)
Insulin Use Yes vs. No 0.91 (0.72, 1.15)
HbAlc (%) >7% vs. <7% 1.09 (0.88, 1.36)
Nephropathy 2.50 2.40 Smoking status Former vs. Never 0.89 (0.72, 1.10)
Current vs. Never 1.45 (0.90, 2.36)
Hypertension Yes vs. No 1.33 (0.94, 1.89)
Dyslipidemia Yes vs. No 1.00 (0.77, 1.30)
Insulin Use Yes vs. No 1.12(0.88, 1.41)
HbAlc (%) >7% vs. <7% 1.03 (0.82, 1.29)
Retinopathy 3.74 2.01 Smoking status Former vs. Never 0.74 (0.52, 1.05)

Current vs. Never

0.80(0.31, 2.10)

Hypertension Yes vs. No 1.98 (1.09, 3.60)
Dyslipidemia Yes vs. No 1.03 (0.64, 1.67)
Insulin Use Yes vs. No 1.66 (1.13, 2.43)
HbAlc (%) >7% vs. <7% 2.34 (1.52,3.62)

E-values were derived from pooled hazard ratio (HR) estimates. Hazard ratios were obtained from the doubly robust Cox proportional hazards models pooled over imputations.
Approximations were used for MACE and nephropathy because the event rates were >15%, as recommended by VanderWeele & Ding®. The E-value is the minimum strength of association,
on the risk ratio scale, that an unmeasured confounder would need to have with both the treatment and outcome, conditional on the measured covariates, to fully explain away a specific
treatment-outcome association. A small E-value implies little unmeasured confounding would be needed to explain away an effect estimate. The E-values (both for the HR estimates and

their upper limit of the 95% Cl) of the study end points along with the HRs of known confounders (e.g. hypertension, insulin use) were calculated. These factors were added to the previously
fit-adjusted model. In the sensitivity analysis, the same process was repeated, replacing these confounders specifically with risk factors (e.g. hypertension, insulin use); then, a full model with
all variables was also fitted. Based on the calculated E-value for nephropathy, the observed HR of 0.52 could be explained away by an unmeasured confounder that was associated with both
the treatment and the outcome by a risk ratio of 2.50-fold each, above and beyond the measured confounders, but weaker confounding could not do so; the confidence interval of HR could
be moved to include the null by an unmeasured confounder that was associated with both the treatment and the outcome by a risk ratio of 2.40-fold each, above and beyond the measured
confounders, but weaker confounding could not do so. The HRs of known risk factors for nephropathy were 1.33 for hypertension and 1.12 for insulin use. It is not likely that an unmeasured or

unknown confounder would have a substantially larger effect on the incident nephropathy than these known risk factors by having a relative risk exceeding 2.50. In the sensitivity analysis,
hazard ratios for all identified confounders remained below the E-value necessary to make the findings nonsignificant.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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X

X ][]

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection  Data were extracted from the electronic health records (EHRs) in the Cleveland Clinic Health System (CCHS) using the Structured Query
Language (SQL) queries (SQL Server 2022).
Data analysis All analyses were performed using the R statistical programming software (version 4.2.1; Vienna, Austria).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The dataset generated during the current study is not publicly available in order to protect patient confidentiality. However, it is available to academic investigators
upon request, pending the receipt of a signed data-sharing agreement and review of the study protocol (approved by a local institutional review board or research




ethics committee), statistical analysis plan, and publication plan. All data-sharing requests must be approved by the CCHS Institutional Review Board and the Law
Department before de-identified data can be shared. The corresponding authors will respond to requests within two months of receipt.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex (biological attribute) was obtained from the electronic health records. Sex was included in the analyses because it could
be associated with both exposure and study end points.

Reporting on race, ethnicity, or ' Race was obtained from the electronic health records and based on patients selecting from fixed categories.
other socially relevant
groupings

Population characteristics A total of 3932 adult patients (2307 [58.7%] female; 3076 [78.2%] White, 649 [16.5%)] Black, 121 [3.1%)] other races; mean
age, 54.2 years [SD 11.0]; mean body mass index [BMI], 41.8 kg/m2 [SD, 8.6]) with obesity and T2DM who received care at
the Cleveland Clinic Health System in the United States from 2010 to 2017 were studied. There were 1657 patients in the
metabolic surgery group and 2275 patients in the GLP-1RA group. The distribution of 33 a priori-identified baseline covariates
for the metabolic surgery and the GLP-1RA group was precisely balanced (standardized differences = 0) after overlap
weighting.

Recruitment In this retrospective observational study, patients with obesity and type 2 diabetes who received their care at the Cleveland
Clinic Health System and met the selection criteria were included.
There is a risk of selection bias. However, rigorous selection criteria were applied to include only relatively healthy

nonsurgical patients who could have been eligible for metabolic surgery if this option had been offered at the index date.

Ethics oversight This observational study was approved by the Cleveland Clinic institutional review board as minimal risk research.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size N=3932. No sample size calculation was performed in this observational retrospective study.
In retrospective chart reviews, the sample size is inherently determined by the number of eligible cases available within the study period. This
study included all patients meeting inclusion criteria during the defined time frame, representing the complete cohort accessible for analysis.

Data exclusions  Adult patients (aged between 18 and 75 years) with obesity and T2DM who underwent Roux-en-Y gastric bypass or sleeve gastrectomy at
Cleveland Clinic locations in Florida and Ohio between January 1, 2010, and December 31, 2017 were identified for inclusion in the metabolic
surgery group. Patients with a history of organ transplantation, cardiac ejection fraction <20%, and malignancies were excluded. The date of
first metabolic surgery was used as an index date for surgical patients.

A stringent process was followed to identify patients in the nonsurgical group. In the large pool of Cleveland Clinic patients with a diagnosis of
T2DM (between January 1, 2010, and December 31, 2017) who did not have a history of metabolic surgery, five dates from the collection of
index dates of surgical patients were randomly assigned to each patient, which served as potential index dates for nonsurgical patients. On
each assigned index date, nonsurgical patients who met the age, BMI, T2DM, and other above-described selection criteria for surgical patients
were considered for enrollment. Patients were also required to receive GLP-1RA medications, defined by prescription order for GLP-1RA
placed between 2010 and 2017, as well as > 3 documented prescription fills within 1 year before their assigned index date and > 3 fills within
1 year after their assigned index date. We then selected the earliest eligible index date (from the available 5 potential index dates per patient)
for each included nonsurgical patient. This approach allowed us to construct a reasonable comparator group to the metabolic surgery group
from a sample of nonsurgical patients receiving GLP-1RA medications, who could have been potentially eligible for metabolic surgery if that
option had been offered to them at the time of the assigned index date.

Replication Although the primary analysis plan for this study was intention-to-treat, to address non-compliance in the nonsurgical group, we performed
sensitivity analyses by censoring nonsurgical patients who discontinued GLP-1RA medications. The main findings of study were supported by
these additional analyses.

Moreover, to assess the robustness of the identified associations, we censored surgical patients who continued to receive GLP-1RAs after
metabolic surgery or initiated the GLP-1RAs during follow-up. The main findings of study were supported by these additional analyses.

Furthermore, to assess the robustness of the identified associations between metabolic surgery and the study end points to potentially
unmeasured confounders, the E-values were calculated. The E-value represents the minimum strength of association—on the risk ratio scale
—that an unmeasured confounder would need to have with both the treatment and the outcome, conditional on the measured covariates, to
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fully explain away a specific treatment—outcome association. A small E-value indicates that only a weak unmeasured confounder would be
needed to negate the observed effect estimate. The magnitude of the associations of the known risk factors with the study endpoints was
smaller than the estimated E-values for all-cause mortality (2.32), MACE (2.03), nephropathy (2.50), and retinopathy (3.74), which makes it
unlikely that unmeasured confounders could eliminate the favorable association between metabolic surgery and the study endpoints.

Randomization  This study is not a randomized trial. The study used doubly robust estimation combining overlap weighting and outcome regression to
minimize the effects of confounding factors when comparing outcomes in the metabolic surgery group and the GLP-1RA group. Thirty-three
priori identified potential confounders (including sex, age at index date, race, Cleveland Clinic hospital location [Florida versus Ohio],
household income estimate based on zip code, smoking status, BMI; clinical and laboratory data on systolic blood pressure, triglycerides, high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), HbAlc, eGFR, urine albumin-creatinine ratio (UACR);
medical history of hypertension, dyslipidemia, peripheral neuropathy, heart failure, myocardial infarction, coronary artery disease, chronic
obstructive pulmonary disease, atrial fibrillation, peripheral arterial disease, cerebrovascular events, nephropathy, retinopathy; as well as
medication history of noninsulin diabetes drugs, insulin, lipid-lowering medications, renin-angiotensin-aldosterone system inhibitors, other
antihypertensive medications, aspirin, and warfarin) were used for overlap weighting.

Blinding Retrospective reviews rely on information that has already been documented in a non-blinded clinical setting.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

|:| Antibodies |:| ChiIP-seq

X |:| Eukaryotic cell lines |:| Flow cytometry

X D Palaeontology and archaeology D MRI-based neuroimaging
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[1IX clinical data

g D Dual use research of concern

IZI |:| Plants

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  ClinicalTrials.gov ID NCT06355219
Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection The study used Cleveland Clinic electronic health records (EHR), including Surescripts dispensed prescription records, through
December 31, 2022. The diagnostic and procedure codes for study endpoints were available from both internal Cleveland Clinic
encounter data and through the Epic Care Everywhere interoperability platform, which provides data exchange of EHRs between
participating health care systems. Manual chart reviews were used for confirmation of diagnostic codes pertaining to primary and
secondary study endpoints.

Outcomes The primary endpoint was all-cause mortality.
Secondary composite endpoints included incident major adverse cardiovascular events (MACE), nephropathy, and retinopathy.
MACE was a composite of 4 adverse outcomes, defined as the first occurrence of coronary artery events, cerebrovascular events,
heart failure, or atrial fibrillation.
Incident nephropathy was defined as onset of > 40% sustained decline in eGFR compared with baseline (calculated using the 2021
CKD-EPI creatinine equation), onset of sustained eGFR < 15 mL/min/1.73 m2, initiation of dialysis, or kidney transplant.
Incident retinopathy was defined by (1) the first occurrence of any retinopathy in patients who did not have retinopathy at baseline
or (2) progression to a more severe form of retinopathy in those with baseline retinopathy. The later included (2a) progression from
mild/moderate nonproliferative retinopathy to severe nonproliferative retinopathy after the index date, or (2b) progression form
nonproliferative retinopathy to proliferative retinopathy after the index date.
Weight, HbAlc levels, and dates of prescription orders and dispenses of medications for T2DM and cardiovascular conditions were
collected to compare the patients in the metabolic surgery and GLP-1RA groups over time.
Ninety-day complications of metabolic surgery were collected.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel genotype generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

-
=
C
=
()

5o
o
E‘t\
o
=
—
@

§S,
o
=
)

@
wm
C
=
=
Q
=

<




	Macrovascular and microvascular outcomes of metabolic surgery versus GLP-1 receptor agonists in patients with diabetes and  ...
	Results

	Participants

	All-cause mortality

	MACE

	Nephropathy

	Retinopathy

	Subgroup analysis

	Status of obesity, diabetes, and medication use over time

	Adverse events after metabolic surgery

	Sensitivity analyses


	Discussion

	Online content

	Fig. 1 Ten-year cumulative incidence estimates for primary and secondary end points.
	Fig. 2 Association of metabolic surgery versus GLP-1 RAs with primary and secondary end points in key subgroups in the fully adjusted Cox models.
	Fig. 3 Mean trend curves of weight loss and HbA1c values over 10 years of follow-up.
	Fig. 4 Proportions of patients who were prescribed or dispensed diabetes and cardiovascular drugs over 10 years of follow-up.
	Extended Data Fig. 1 Identification of eligible patients for inclusion.
	Extended Data Fig. 2 Proportions of patients with orders and dispenses for other medications.
	Table 1 Baseline characteristics of patients in the metabolic surgery and GLP-1 RA groups at the index date.
	Table 2 Incidence estimates, absolute risk differences and hazard ratios (HRs) for macrovascular and microvascular outcomes for metabolic surgery patients versus nonsurgical patients.
	Extended Data Table 1 Definition of major adverse cardiovascular events (MACE).
	Extended Data Table 2 Incidence estimates, absolute risk differences and hazard ratios for individual components of MACE for metabolic surgery patients versus nonsurgical patients.
	Extended Data Table 3 Definitions of nephropathy and retinopathy.
	Extended Data Table 4 Incidence estimates and hazard ratios for macrovascular and microvascular outcomes for metabolic surgery patients versus nonsurgical patients, stratified according to surgical procedure.
	Extended Data Table 5 Differences in proportion of patients on diabetes and cardiovascular medications at 10 years from baseline between groups.
	Extended Data Table 6 Results of the first and second sensitivity analyses from fully adjusted Cox models for each outcome for metabolic surgery patients versus nonsurgical patients.
	Extended Data Table 7 Results of the third sensitivity analysis from fully adjusted Cox models for each outcome for metabolic surgery patients versus nonsurgical patients.
	Extended Data Table 8 E-values for the association of metabolic surgery on study outcomes and their upper limits of 95% confidence intervals in fully adjusted Cox models.




