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

 

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 outcomes in 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-1 RAs. Using a doubly 
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 a median 
follow-up of 5.9 years. The 10-year cumulative incidence of all-cause mortality 
was 9.0% (95% confidence interval (CI) 6.8–10.8%) in the metabolic surgery 
group and 12.4% (95% CI 9.9–15.2%) in the GLP-1 RA group (adjusted hazard 
ratio (HR) 0.68 (95% CI 0.48–0.96), 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% CI 0.51–0.82; P < 0.001), nephropathy (adjusted HR 
0.53; 95% CI 0.43–0.67; 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-1 RAs, metabolic surgery remains superior to medical treatment. Future 
studies should compare the cardiometabolic outcomes of metabolic surgery 
with newer GLP-1 RAs 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 control1–3. 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 disease4–7.

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 

with type 2 diabetes mellitus (T2DM) and obesity8. This has been backed 
by evidence from RCTs showing that GLP-1 RAs prevent cardiovascular 
events, particularly in those with established atherosclerotic cardio-
vascular disease9–12.

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-1 RA groups at the index date

Baseline variable Unweighted Weighteda

Surgical 
(n = 1,657)

GLP-1 RA 
(n = 2,275)

Standardized 
differenceb

Surgical 
(n = 1,657)

GLP-1 RA 
(n = 2,275)

Standardized 
differenceb

Demographics

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 
(thousands of US$), mean (s.d.)

53.7 (19.6) 56.2 (19.5) 0.127 54.9 (19.8) 54.9 (19.5) 0

(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) 1.17

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)

Racec Black 332 (20) 317 (13.9) 0.168 (16.8) (16.8) 0

Missing 30 (1.8) 56 (2.5) (2.1) (2.1)

Other 53 (3.2) 68 (3) (2.9) (2.9)

White 1,242 (75) 1,834 (80.6) (78.1) (78.1)

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) 1,176 (51.7) (54.1) (54.1)

Clinical and  
laboratory data

BMI (kg m−2), mean (s.d.) 46.3 (8.8) 38.6 (6.9) −0.975 42.4 (6.2) 42.4 (8.5) 0

Systolic BP (mmHg), mean (s.d.) 130.9 (15.8) 128.9 (15.5) −0.129 129.6 (15.7) 129.6 (15.2) 0

(Missing) 0 12 (0.5) 0 0

HbA1c (%), mean (s.d.) 7.5 (1.6) 7.6 (1.5) 0.082 7.6 (1.5) 7.6 (1.6) 0

(Missing) 161 (9.7) 336 (14.8) 0 0

HDL-C (mg dl−1), 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

LDL-C (mg dl−1), mean (s.d.) 95.8 (33.5) 85.6 (33) −0.308 91.5 (32.7) 91.5 (34.5) 0

(Missing) 195 (11.8) 464 (20.4) 0 0

Triglycerides (mg dl−1), 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 (mg g−1), 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

eGFRd (ml min 1.73 m−2),  
mean (s.d.)

90.9 (22.8) 88.6 (21.4) −0.103 89.8 (21.5) 89.8 (22.3) 0

(Missing) 0 139 (6.1) 0 0

Medication 
history

Insulin 444 (26.8) 758 (33.3) 0.143 (30.8) (30.8) 0

Count of non-insulin diabetes 
medications (numerical),  
mean (s.d.)

0.9 (0.8) 1.2 (0.9) 0.345 1.1 (0.9) 1.1 (0.9) 0

Count of non-insulin diabetes 
medications

0 540 (32.6) 507 (22.3) 0.367 (26.9) (27.6) 0.11

1 780 (47.1) 969 (42.6) (47.3) (45.3)

2 265 (16) 619 (27.2) (19.5) (21.9)

3 70 (4.2) 153 (6.7) (5.9) (4.4)

4 2 (0.1) 27 (1.2) (0.3) (0.7)

Lipid-lowering drugs 816 (49.2) 1,502 (66) 0.345 (58.5) (58.5) 0

RAAS Inhibitorse 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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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-1 RAs. The 
study also examined the association of metabolic surgery with meas-
ures of diabetes control and medication use. The study tried to examine 
whether there is any benefit from metabolic surgery in the 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−2 (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 Data Fig. 1).

There were 1,657 patients in 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 patients in the GLP-1 RA 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. In the metabolic surgery group, 6.0% 
of patients filled a prescription for GLP-1 RAs 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-1 RA group was precisely bal-
anced (standardized differences = 0) after overlap weighting (Table 1). 
Supplementary Table 1 details 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) 

for the GLP-1 RA group. Surveillance in both groups followed a similar 
pattern before and after the index dates (Supplementary Fig. 2).

All-cause mortality
At the end of the study follow-up period (31 December 2022), 108 indi-
viduals in the metabolic surgery group and 153 in the GLP-1 RA group 
died. In the overlap weighted analysis, the cumulative incidence of 
all-cause mortality at 10 years was 9.0% (95% CI 6.8–10.8%) in the meta-
bolic surgery group and 12.4% (95% CI 9.9–15.2%) in the GLP-1 RA group. 
In the doubly robust analysis, the adjusted absolute risk difference was 
3.8% (95% CI 0.3–7.2%); adjusted HR 0.68 (95% CI 0.48–0.96); P = 0.028 
(Fig. 1a and Table 2). Separation of Kaplan–Meier curves favoring meta-
bolic surgery was observed 4 years after the index date.

MACE
During the study follow-up, in the unweighted dataset, 220 patients in 
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% CI 20.0–27.6%) 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% CI 3.8–13.3%); adjusted HR 0.65 (95% CI 0.51–0.82); 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 patients in the GLP-1 RA 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−2, 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% CI 17.8–24.7%) in the metabolic 
surgery group and 37.0% (95% CI 30.2–45.1%) in the GLP-1 RA group. In 

Baseline variable Unweighted Weighteda

Surgical 
(n = 1,657)

GLP-1 RA 
(n = 2,275)

Standardized 
differenceb

Surgical 
(n = 1,657)

GLP-1 RA 
(n = 2,275)

Standardized 
differenceb

Medical history

Atrial fibrillation 75 (4.5) 128 (5.6) 0.05 (4.7) (4.7) 0

Cerebrovascular disease 26 (1.6) 39 (1.7) 0.011 (1.4) (1.4) 0

Chronic obstructive pulmonary 
disease

115 (6.9) 151 (6.6) −0.012 (6.5) (6.5) 0

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

Heart failure 93 (5.6) 90 (4) −0.078 (4.7) (4.7) 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. aBased 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. bAbsolute value of the between-group difference in means or proportions (metabolic 
surgery − GLP-1 RA group) divided by the pooled s.d. cRace was obtained from electronic health records and based on patients selecting from fixed categories. dCalculated using the 2021  
CKD–EPI creatinine equation33. eRAAS 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.

Table 1 (continued) | Baseline characteristics of patients in the metabolic surgery and GLP-1 RA groups at the index date
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the doubly robust analysis, the adjusted absolute risk difference was 
12.6% (95% CI 8.1–16.7%); adjusted HR 0.53 (95% CI 0.43–0.67); P < 0.001 
(Fig. 1c and Table 2).

Retinopathy
During the study follow-up, 52 patients in the metabolic surgery group 
and 191 patients in the GLP-1 RA 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% CI 4.1–7.4%) in the metabolic 

surgery group and 15.9% (95% CI 11.2–25.0%) in the GLP-1 RA group. In 
the doubly robust analysis, the adjusted absolute risk difference was 
6.4% (95% CI 2.7–10.6%); adjusted HR 0.46 (95% CI 0.29–0.75); P = 0.002 
(Fig. 1d and Table 2).

Subgroup analysis
Interaction testing did not show statistically significant heterogeneity 
in the association of metabolic surgery with risk of all-cause mortality, 
MACE, nephropathy and retinopathy based on sex, age, race, smoking 
status, BMI, glycated hemoglobin (HbA1c) level, eGFR or use of insulin 
or renin–angiotensin–aldosterone system (RAAS) inhibitors (Fig. 2). 
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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-1 RA 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-1 RA (n = 2,275) Unadjusted 
absolute 
10-year risk 
difference (%) 
with 95% CIb

Adjusted 
absolute 
10-year risk 
difference (%) 
with 95% CIc

Adjusted HR 
(95% CI)d

Pd

n with 
event

Rate per 100 
patient-yearsa

Cumulative 
incidence (%) 
with 95% CI  
at 10 yearsb

n with 
event

Rate per 100 
patient-yearsa

Cumulative 
incidence (%) 
with 95% CI at  
10 yearsb

All-cause mortality 108 0.95 9.0 (6.8–10.8) 153 1.17 12.4 (9.9–15.2) 3.5 (0.6–7.4) 3.8 (0.3–7.2) 0.68 (0.48–0.96) 0.028

MACEe 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) 15.6 (8.0–23.4) 12.6 (8.1–16.7) 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 (2.7–10.6) 0.46 (0.29–0.75) 0.002
aBased 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). bBased on overlap weighted data. cEstimated using fully adjusted Cox models. dHRs (95% CIs) and P values from fully adjusted Cox models comparing the relative instantaneous 
risk of each outcome for surgical versus nonsurgical patients; the CIs and two-sided P values were computed with a normal approximation. eA 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 = 3.6 × 10−4; exact P value for nephropathy = 6.4 × 10−8.
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0.64 (0.41–1.00)          
0.73 (0.44–1.21)   0.70

1.09 (0.55–2.15)          
0.58 (0.39–0.88)   0.12
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0.53 (0.34–0.83)   0.90
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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. 
Adjusted HRs and 95% CIs 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 

term with the treatment variable. For example, the continuous age covariate was 
replaced by a dichotomous version and its interaction term with the treatment.  
P values 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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The P value 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% CI 20.2–
23.0%) in the metabolic surgery group and 6.8% (95% CI 5.3–8.6%) in 
the GLP-1 RA group; the mean between-group difference in the overlap 
weighted analysis was 14.8% (95% CI 12.6–16.8%); P < 0.001 (Fig. 3a).

The absolute change in HbA1c level at 10 years was −0.86% (95% 
CI −1.03% to −0.70%) in the metabolic surgery group and −0.23% (95% 
CI −0.50% to 0.09%) in the GLP-1 RA group; the mean between-group 
difference in the overlap weighted analysis was −0.63% (95% CI −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
In the 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-1 RA 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-1 RAs 
after metabolic surgery or initiated GLP-1 RAs during the follow-up 
(Extended Data Table 7).

The E-value was used to assess the potential impact 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, a comparison of patients’ health status between the study 
index date and either the GLP-1 RA initiation date (in the nonsurgical 
group) or the referral date for metabolic surgery (in the surgical group) 
showed a similar pattern of increased frequency of diagnosed medical 
conditions and medication use in both 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−2 at the time of surgery. In the non-
surgical group, unweighted BMI decreased from 39.3 kg m−2 at GLP-1 
RA initiation to 38.6 kg m−2 on the index date. Changes in clinical and 
laboratory measures followed a similar trend in both groups. Nonsur-
gical patients experienced a greater reduction in HbA1c levels before 
the index date, from 8.0% to 7.6%. In the surgical group, HbA1c 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 a significantly lower risk of all-cause mortality, 

Metabolic surgery

GLP-1 RAs

–25%

–20%

–15%

–10%

–5%

0%

0 2 4 6 8 10

Years since index date

Re
la

tiv
e 

ch
an

ge
 in

 w
ei

gh
t (

%
)

Metabolic surgery

GLP-1 RAs

–1.5%

–1.25%

–1.0%

–0.75%

–0.50%

–0.25%

0%

0 2 4 6 8 10

Years since index date

Ab
so

lu
te

 c
ha

ng
e 

in
 H

bA
1c

a b

Fig. 3 | Mean trend curves of weight loss and HbA1c values over 10 years of 
follow-up. a,b, Plots displaying smoothed mean trends of percentage weight loss 
(a) and absolute HbA1c values (b) from baseline to follow-up. The shaded areas 
indicate the 95% CIs. The mean difference in total weight loss and HbA1c changes 
at 10 years between groups were estimated from a flexible, random-intercept 

linear model, with four-knot restricted cubic spline for time × treatment 
interaction on measurements. The 95% CIs were obtained by bootstrapping  
(100 bootstrap resampling) at the patient level and then using the percentile 
method across all imputation datasets.
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incident MACE, nephropathy and retinopathy compared to GLP-1 RA 
alone in a large and well-balanced sample of individuals with T2DM 
and obesity. Patients who received metabolic surgery, compared to 
the GLP-1 RA group, also experienced a larger reduction in total body 
weight, HbA1c levels and need of diabetes and cardiovascular medica-
tions from baseline to 10 years.

Studies comparing metabolic surgery and GLP-1 RA medications 
have started to emerge. An observational propensity score-matched 
cohort study based on the Scandinavian national registries reported 
a 24% lower risk of MACE (HR 0.76 (95% CI 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)13. 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 group13. In another recent 
retrospective observational study based on data from a large health 
insurer in Israel, metabolic surgery was associated with a 57% 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 obesity7.
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Fig. 4 | Proportions of patients who were prescribed or dispensed diabetes 
and cardiovascular drugs over 10 years of follow-up. Plots displaying the 
proportions of patients (with 95% point-wise CIs (shaded areas)) in the metabolic 
surgery and GLP-1 RA groups over time who were prescribed or dispensed with 
the indicated medications. For a given time point (for example, 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 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 (for example, 1 year after the index date), 
medications dispensed (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 
dispensing record for that medication in the preceding 6 months. Medication 
dispensing data were based on Surescripts data. RAAS inhibitors included 
angiotensin-converting enzyme inhibitors and angiotensin receptor blockers.
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Because sufficiently powered RCTs comparing metabolic sur-
gery to GLP-1 RA 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 a wider 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 
outcomes in the metabolic surgery group and the GLP-1 RA group14,15. 
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 = 0 for 
the mean values of the 33 baseline covariates) and precision14,15. Sub-
sequently, outcome regression was used on 34 baseline covariates 
for further adjustment.

With the emergence of data showing that GLP-1 RAs induce clini-
cally meaningful weight loss16,17 and prevent cardiovascular events9–12, 
it has been suggested that they could potentially replace or obviate 
the need for metabolic surgery. If a patient has access to a GLP-1 RA, 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-1 RA 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 changes in the gastrointestinal 
tract after metabolic surgery could be also responsible for metabolic 
and neurohormonal improvements, independent of weight loss18,19. 
Such sustained improvements are more challenging to achieve with 
GLP-1 RA alone because non-persistence with them is common20,21, 
which has been documented to result in weight regain and reversal of 
cardiometabolic improvements22. To be eligible for inclusion in this 
study, patients in the GLP-1 RA group had to receive 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 retinopathy23. Increased BMI is also associ-
ated with an increased risk of diabetic and nondiabetic end-stage renal 
disease24. An earlier observational study of adults with T2DM found that 
metabolic surgery was associated with a lower risk of nephropathy, 
retinopathy and neuropathy compared with usual care6. 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-1 RAs.

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-1 RA medications (for example, semaglutide and tirzepatide), 
which can provide more favorable weight loss and cardiometabolic 
outcomes12,17,25, 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-1 RAs, such 
as semagludite26–28. 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 weeks26,27. 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-
tion 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. Third, an ideal 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-1 RAs 
because it is at this point that care for the individual and their interac-
tion with the healthcare system changes, depending on the decision29–31. 
Such information was not available in our dataset, limiting emulation 
for the ideal 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 a meaningful impact on the clinical interpretation of 
the study results. Fourth, although overlap weighting created a precise 
balance for a long list of important covariates14,15, 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 factors32. 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 
initial incidence 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 a long follow-up time, the M6 study provides 
strong evidence that among 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. In the absence of RCTs, the current study represents the 
most reliable evidence that metabolic surgery is superior to medical 
treatment even with the availability of GLP-1 RAs. Future studies should 
compare the cardiometabolic outcomes of metabolic surgery with 
newer GLP-1 RAs that are more effective for weight reduction.
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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 in 1 year before their assigned index date and three or more fills 
in 1 year 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 records34, 
through 31 December 2022. The International Classification of Dis-
eases and Current Procedural Terminology procedure codes used in 
this study35 are provided in Supplementary Table 3. The study outcomes 
during the follow-up were ascertained by reviewing notes and tests in 
the EHRs, either from internal CCHS encounter data or through the Epic 
Care Everywhere interoperability 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 followed36.

Study cohorts and enrollment criteria
Adult patients (aged between 18 and 75 years) with obesity (defined 
by a BMI ≥ 30 kg m−2) and T2DM (defined by either HbA1c ≥ 6.5% or 
by taking at least one diabetes medication) who underwent RYGB or 
sleeve gastrectomy at CCHS locations in Florida and Ohio between  
1 January 2010 and 31 December 2017, were identified for inclusion in 
the metabolic surgery group. Patients with a history of organ transplan-
tation, cardiac ejection fraction lower than 20% and malignancies were 
excluded (Extended Data Fig. 1). 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 non-
surgical group. In the large pool of CCHS patients with a diagnosis of 
T2DM (between 1 January 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 
each assigned index 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-1 RA medications on the assigned index date, defined 
by a prescription order for GLP-1 RA placed between 2010 and 2017, as 
well as three or more documented prescription fills within 1 year before 
their assigned index date and three or more fills within 1 year 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 
a reasonable comparator group to the metabolic surgery group from 
a sample of nonsurgical patients receiving GLP-1 RA 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-
ered based on having either 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)33, onset of sustained eGFR less than 
15 ml min 1.73 m−2, 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, HbA1c levels and the dates of prescription orders and dispenses 
of medications for T2DM and cardiovascular conditions were collected 
using EHR data linked to Surescripts dispensing records34, 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-1 RA group14,15. 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, HbA1c, 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 contrasts37,38. 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 absolute risk differences (weighted by the overlap weights) 
and adjusted absolute risk differences (using fully adjusted Cox  
models)39 were calculated for 10 years after the index date. The 95% 
CIs for the difference in the 10-year risk were obtained by combining 
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percentiles across the bootstrap distributions from all five imputation 
datasets.

A flexible random-intercept linear model, with four-knot restricted 
cubic spline for time × treatment interaction on measurements was 
used to compare mean changes in weight and HbA1c during the study 
follow-up. Point estimates were averaged over the imputation datasets. 
The 95% CIs 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.

A two-sample proportions test was used to compare the proportions 
of patients with active prescriptions and fills of medications for T2DM and 
cardiovascular disease between the study groups at 10 years of follow-up 
after the index dates. Point estimates were averaged over the imputation 
datasets. Pooled standard errors were obtained using Rubin’s formula38.

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

Sensitivity analyses
The primary analysis plan for this study was intention-to-treat, reflecting 
the real-world scenario where not all participants may adhere perfectly 
to the treatment during follow-up. In the primary analysis, nonsurgical 
patients who were nonadherent to GLP-1 RA medications after baseline 
were not censored. However, to address noncompliance in the nonsurgi-
cal group, we performed two sensitivity analyses. In the first sensitivity 
analysis, nonsurgical patients who discontinued GLP-1 RA medications 
(defined by a gap of more than 6 months in their active prescription 
orders/dispensing records)40 were censored at the earliest occurrence of 
such events. Furthermore, we conducted an additional sensitivity analy-
sis modeling an extreme hypothetical scenario in which nonsurgical 
patients who discontinued GLP-1 RA 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-1 RA 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-1 RAs 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 points to potentially 
unmeasured confounders, E-values were calculated32. As explained by 
VanderWeele & Ding32, 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. A small E-value indicates that only a 
weak unmeasured confounder would be needed to negate the observed 
effect estimate. E-values (for both the HR estimates and the upper limit 
of their 95% CIs) 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 
optimization31, we compared patients’ health status between the study 
index date and either the referral date for metabolic surgery (in the sur-
gical group) or the GLP-1 RA 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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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. a 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. b Some patients met multiple 

exclusion criteria. c In case of more than one index date that a patient would 
be eligible 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-1 receptor 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 a given 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 

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., 1 year 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)

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

aBased 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). bBased on overlap weighted data. cEstimated using fully adjusted Cox models. dHazard ratios (95% CIs) 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 5.3 × 10−5.

http://www.nature.com/naturemedicine


Nature Medicine

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

Extended Data Table 3 | Definitions of nephropathy and retinopathy

Comprehensive chart review of patients assessing ophthalmology encounters, notes, procedures, and diagnostic codes in EHR and scanned documents was performed. aWorsening 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.

http://www.nature.com/naturemedicine


Nature Medicine

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

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

aBased on overlap weighted data. bEstimated using fully adjusted Cox models. cHazard ratios (95% CIs) 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. dA 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) = 1.3 × 10−4; nephropathy (RYGB 
versus SG) = 4.8 × 10−4; and nephropathy (RYGB versus GLP-1RA) = 1.4 × 10−10. 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

aEstimated 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. bTwo-sided P values from normal quantiles from the pooled estimates are displayed. cRenin–angiotensin–aldosterone system (RAAS) inhibitors included 
angiotensin-converting enzyme inhibitors and angiotensin receptor blockers. dThe 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.
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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

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. aHazard ratios (95% CIs) 
and P values from fully adjusted Cox models comparing the relative instantaneous risk of each outcome for surgical versus nonsurgical patients. bMajor 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 = 4.7 × 10−4 and for nephropathy = 2.7 × 10−7.
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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

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. aHazard ratio (95% CIs) and P values from fully adjusted Cox models comparing the relative instantaneous risk of each outcome for surgical versus nonsurgical 
patients. bMajor 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 = 4.8 × 10−7 and for retinopathy = 4.4 × 10−4.
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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

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 & Ding32. 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% CI) 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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