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OBJECTIVE

The overall aim of the Alliance of Randomized Trials of Medicine versus Metabolic
Surgery in Type 2 Diabetes (ARMMS-T2D) consortium is to assess the durability and
longer-term effectiveness of metabolic surgery compared with medical/lifestyle
management in patients with type 2 diabetes (NCT02328599).

RESEARCH DESIGN AND METHODS

A total of 316 patients with type 2 diabetes previously randomly assigned to
surgery (N 5 195) or medical/lifestyle therapy (N 5 121) in the STAMPEDE,
TRIABETES, SLIMM-T2D, and CROSSROADS trials were enrolled into this prospec-
tive observational cohort. The primary outcome was the rate of diabetes remis-
sion (hemoglobin A1c [HbA1c] #6.5% for 3 months without usual glucose-
lowering therapy) at 3 years. Secondary outcomes included glycemic control,
body weight, biomarkers, and comorbidity reduction.

RESULTS

Three-year data were available for 256 patients with mean 50 ± 8.3 years of age,
BMI 36.5 ± 3.6 kg/m2, and duration of diabetes 8.8 ± 5.7 years. Diabetes remis-
sion was achieved in more participants following surgery than medical/lifestyle
intervention (60 of 160 [37.5%] vs. 2 of 76 [2.6%], respectively; P < 0.001). Reduc-
tions in HbA1c (D521.9 ± 2.0 vs.20.1 ± 2.0%; P < 0.001), fasting plasma glucose
(D5252 [2105,25] vs.212 [248, 26] mg/dL; P < 0.001), and BMI (D528.0 ±
3.6 vs. 21.8 ± 2.9 kg/m2; P < 0.001) were also greater after surgery. The percen-
tages of patients using medications to control diabetes, hypertension, and dysli-
pidemia were all lower after surgery (P < 0.001).

CONCLUSIONS

Three-year follow-up of the largest cohort of randomized patients followed to
date demonstrates that metabolic/bariatric surgery is more effective and durable
than medical/lifestyle intervention in remission of type 2 diabetes, including
among individuals with class I obesity, for whom surgery is not widely used.

More than 34.2 million Americans, or 10.5% of the population, have type 2 diabe-
tes (1), and �40% have obesity (2). Obesity and type 2 diabetes cause enormous

1Cleveland Clinic, Cleveland, OH
2Pennington Biomedical Research Center, Baton
Rouge, LA
3University of Pittsburgh Medical Center,
Pittsburgh, PA
4University of Washington, Seattle,WA
5VA Puget Sound Health Care System, Seattle,
WA
6Joslin Diabetes Center, Boston, MA
7Harvard Medical School, Boston, MA
8Brigham and Women’s Hospital, Boston, MA
9Kaiser Permanente Washington Health Research
Institute, Seattle,WA
10AdventHealth Research Institute, Orlando, FL

Corresponding author: John P. Kirwan, john.
kirwan@pbrc.edu

Received 23 November 2021 and accepted 22
February 2022

Clinical trial reg. no. NCT02328599, clinicaltrials.
gov

This article contains supplementary material online
at https://doi.org/10.2337/figshare.19237437.

This article is featured in a podcast available at
diabetesjournals.org/journals/pages/diabetes-core-
update-podcasts.

© 2022 by the American Diabetes Association.
Readers may use this article as long as the
work is properly cited, the use is educational
and not for profit, and the work is not altered.
More information is available at https://www.
diabetesjournals.org/journals/pages/license.

See accompanying article, p. 1498.

EM
ER

G
IN
G
TH

ER
A
P
IE
S:

D
R
U
G
S
A
N
D
R
EG

IM
EN

S

1574 Diabetes Care Volume 45, July 2022

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/45/7/1574/685232/dc212441.pdf by guest on 19 M
ay 2023

mailto:john.kirwan@pbrc.edu
mailto:john.kirwan@pbrc.edu
https://clinicaltrials.gov
https://clinicaltrials.gov
https://doi.org/10.2337/figshare.19237437
https://diabetesjournals.org/journals/pages/diabetes-core-update-podcasts
https://diabetesjournals.org/journals/pages/diabetes-core-update-podcasts
http://crossmark.crossref.org/dialog/?doi=10.2337/dc21-2441&domain=pdf&date_stamp=2022-06-29


individual health burden and societal
health care costs, including in unex-
pected ways, such as increased morbid-
ity and mortality from coronavirus
disease 2019 (3,4). Substantial evidence
from nonrandomized and smaller con-
trolled trials indicates that metabolic/
bariatric surgery (hereafter termed met-
abolic surgery) is a superior modality
for weight loss and glycemic control. To
date, however, randomized controlled
trials (RCTs) have been limited by num-
ber, sample size, single site, surgery
type, and follow-up duration. The lack
of large and definitive randomized trials
likely contributes to the extremely lim-
ited utilization of metabolic surgery to
treat type 2 diabetes among qualified
candidates (5).
The 1st and 2nd Diabetes Surgery Sum-

mits, comprised of international groups
of experts across multiple disciplines, con-
cluded with strong consensus that
“gastrointestinal surgery may be appropri-
ate for the treatment of type 2 diabetes”
(6,7). The consensus opinion encom-
passed patients “who are good surgical
candidates with a BMI of $30 kg/m2

($27.5 kg/m2 for Asians) and whose gly-
cemia is inadequately controlled by life-
style and medical therapy.” Despite these
recommendations, however, which were
adopted by the American Diabetes Asso-
ciation, the International Diabetes Federa-
tion, and formally ratified by 56 other
leading medical, surgical, and scientific
organizations worldwide (8), the role of
operative interventions for type 2 diabe-
tes treatment in patients with moderate
obesity is still considered insufficiently
addressed due to the absence of long-
term data from large, randomized
cohorts. Furthermore, many health
insurance providers in the U.S. and
across the globe indicate they will not
provide coverage for metabolic sur-
gery until such evidence is available.
Previously, four separate investigative

groups (STAMPEDE [9], TRIABETES [10],
SLIMM-T2D [11,12], and CROSSROADS
[13]) initiated RCTs to evaluate the
effectiveness and safety of metabolic
surgery compared with multidisciplinary
medical and lifestyle management of
type 2 diabetes and obesity, including
among individuals with class I obesity,
for whom surgery is a not a widely used
treatment option (14). These four RCTs
were harmonized to form the Alliance
of Randomized Trials of Medicine versus

Metabolic Surgery in Type 2 Diabetes
(ARMMS-T2D) consortium and provided
pooled and longitudinal follow-up data
for participants previously randomly
assigned to surgical or nonsurgical
diabetes treatment approaches in
the parent trials. This group of par-
ticipants now represents the largest
cohort of patients with type 2 diabe-
tes (approximately one-third having
a BMI <35 kg/m2) to undergo ran-
domized assignment to metabolic
surgery or medical/lifestyle inter-
vention.

The overall aim of ARMMS-T2D is
to assess the durability and effective-
ness of metabolic surgery compared
with medical/lifestyle management in
patients with type 2 diabetes and
class I–III obesity. In this study, we
report 3-year outcomes comparing
medical/lifestyle to surgical interven-
tion for treatment of type 2 diabetes.
Specific primary and secondary out-
comes include efficacy and longer-
term durability of diabetes control, body
weight, BMI, dyslipidemia, hypertension,
number of medications required to
manage diabetes and metabolic comor-
bidities, and longer-term complications
of medical versus surgical interventions
in each of the treatment groups.

RESEARCH DESIGN AND METHODS

Trial Design
ARMMS-T2D is a prospective observa-
tional study of participants with type 2
diabetes and overweight/obesity who
were previously randomly assigned to
undergo metabolic surgery or medical/life-
style diabetes management approaches
(ClinicalTrials.gov NCT02328599). Partici-
pants were formerly enrolled in regis-
tered RCTs at the Cleveland Clinic
(NCT00432809), University of Pittsburgh
(NCT00465829), Harvard Joslin Diabetes
Center/Brigham and Women’s Hospital
(NCT01073020), or University of Wash-
ington and Kaiser Permanente Washing-
ton (NCT01295229) (9–13). These trials
included a set of common measures,
and all of the trials had completed a
minimum of 1 year of follow-up assess-
ments. All eligible participants were
re-enrolled into ARMMS-T2D and pro-
vided written informed consent in accor-
dance with the guidelines for the
protection of human subjects at each of
the clinical sites.

Eligibility/Inclusion/Exclusion
Criteria
Key criteria for participation in the par-
ent trials included: candidate for general
anesthesia and unsupervised exercise,
aged 20–65 years, BMI 27–45 kg/m2,
diagnosis of type 2 diabetes confirmed
by requiring diabetes medication and/or
based on American Diabetes Association
diagnostic criteria (15), ability and will-
ingness to participate in the study and
agreement to any of the research arms
at their site, able to understand the
options and comply with the require-
ments of each program, and negative
urine pregnancy test at screening or base-
line visits before intervention. Addition-
ally, participants were required to have
initiated randomized intervention and
had at least one subsequent assessment.

Trial Outcomes
The prespecified primary end point of
ARMMS-T2D was the success rate for
biochemical remission of diabetes at 3
years. Diabetes remission was defined
as achieving hemoglobin A1c (HbA1c)
levels #6.5% after cessation of glucose-
lowering medications for at least 3
months, and this terminology and inter-
pretation of remission is similar to the
current American Diabetes Association
consensus guidelines (16). Predetermined
secondary end points included long-term
diabetes control (mean and change from
baseline in HbA1c and fasting plasma glu-
cose), body weight and waist circumfer-
ence, number of medications required for
targeting glycemic control (number and
class of medications), development or
progression of micro/macroalbuminuria
and decline in glomerular filtration rate,
hypertension, and dyslipidemia. Safety
end points included death from any
cause, microvascular and macrovascular
complications, and adverse events (AEs).

Statistical Analysis
All patients were analyzed in accordance
with the intention-to-treat. Continuous
variables were summarized using descrip-
tive statistics and include mean, SD,
median, and interquartile range. Categor-
ical variables were presented as the
number and percentage of participants
in each category. A generalized linear
model adjusted for the prespecified cova-
riates of baseline HbA1c value, year since
randomization, diabetes duration, insulin
use, and sex were used to analyze the
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primary end point. The secondary analy-
ses were all unadjusted. An exploratory
analysis was performed, including clinic
site in the model, which potentially over-
estimated effect magnitudes, so site was
conservatively not included in the final
generalized linear model. The inverse-link
transformation was used to obtain event
probabilities. Continuous outcomes for
body measurements, blood pressure, and
laboratory markers are reported using
observed values at baseline and 3 years.
Change from baseline was calculated
directly. For graphical purposes, least-
square means from a mixed model of
repeated measurements for HbA1c and
body weight were plotted over time. The
Wilcoxon rank sum test was used in
cases in which normality assumptions
were violated. Unless otherwise speci-
fied, variables were analyzed in their
original units. Analyses were performed
using SAS, version 9.4 (SAS Institute,
Cary, NC).

RESULTS

Of the 355 participants randomly assigned
in the original parent trials, 39 did not
undergo intervention; thus, a total of 316

patients previously randomly assigned to
either surgical (N 5 195) or medical/life-
style (N 5 121) treatment of diabetes
were considered for participation in
ARMMS-T2D (Fig. 1). All randomized trials
were balanced at entry, but the merging
of four trials with unequal contributions in
the number of patients to each group
contributed to a relatively small but statis-
tically significant imbalance between surgi-
cal and medical/lifestyle intervention
groups. Five people in the medical/lifestyle
group eventually sought surgical interven-
tion within the 3-year follow-up period
(four underwent Roux-en-Y gastric bypass
[RYGB], and one had sleeve gastrectomy
[SG]). Nevertheless, they were analyzed
with the medical/lifestyle group, in accor-
dance with the intention-to-treat principle.
Of the patients randomly assigned to sur-
gery, 55% underwent RYGB, 25% SG, and
20% adjustable gastric banding (AGB).

Baseline characteristics of patients
are provided in Supplementary Table 1.
Among these, sex (70 vs. 62% female),
race (73 vs. 67% White), BMI (37 ± 4 vs.
37 ± 3 kg/m2), and waist circumference
(115 ± 10 vs. 115 ± 10 cm) did not differ
between surgical and medical groups,
respectively. Surgical patients were

younger (49 ± 9 vs. 52 ± 7 years) and
had higher systolic blood pressure
compared with the medical/lifestyle
group (134 ± 18 vs. 130 ± 16 mmHg),
but diastolic blood pressures were
similar (81 ± 10 vs. 79 ± 10 mmHg,
respectively). Surgical and medical/
lifestyle patients had a comparable
duration of diabetes (9 ± 6 vs. 9 ± 6
years), but a greater number of surgi-
cal patients were using insulin (52 vs.
41%). Usage of other diabetes medi-
cations was similar between groups
(Supplementary Table 2). Surgical
patients had higher HbA1c (8.8 ± 1.7
vs. 8.2 ± 1.4%) and albumin-to-creati-
nine ratio (median [quartile (Q)1,
Q3], 8 [4, 23] vs. 6 [3, 12]) and a
trend for higher fasting glucose con-
centrations (median [Q1, Q3], 163
[119, 223] vs. 146 [122, 180] mg/dL;
P 5 0.06). Surgical and medical/life-
style patients had similar LDL choles-
terol (99 ± 34 vs. 96 ± 32 mg/dL),
HDL (43 ± 12 vs. 44 ± 13 mg/dL), and
triglycerides (median [Q1, Q3], 144
[103, 226] vs. 152 [94, 231] mg/dL).
Surgical and medical/lifestyle patients
were also similar for use of statins
(74 vs. 76%), b-blockers (18 vs. 21%),

355 originally randomly assigned 
into parent trials

316 patients eligible from previous studies

39 withdrew prior
to intervention

121 randomly assigned to 
Medical/Lifestyle

36 with missing HbA1c data at 3 years

85 included in analysis

195 randomly assigned to 
Surgical Intervention

24 with missing HbA1c data at 3 years

171 included in analysis

Figure 1—CONSORT diagram. A total of 355 patients were previously randomly assigned into the parent trials, 39 of whom did not undergo inter-
vention and were excluded from analysis. A total of 316 (N = 195 surgical and N = 121 medical/lifestyle) patients were assessed for eligibility and
participation in the ARMMS-T2D trial. A total of 60 (N = 24 surgical and N = 36 medical/lifestyle) patients were excluded from analysis based upon
missing HbA1c values at 3 years. A total of 256 (N = 171 surgical and N = 85 medical/lifestyle) patients were included in analysis of primary and sec-
ondary outcomes.
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and ACE inhibitors or angiotensin
receptor blockers (66 vs. 66%), while
calcium channel blockers were more
widely used in the medical/lifestyle
group (8 vs. 19%) (Supplementary
Table 2). Demographics and baseline
characteristics by surgery type are
shown in Supplementary Table 3.
Demographics and baseline charac-
teristics for participants included in
the 3-year analysis compared with
participants not included are pro-
vided in Supplementary Table 4.
Primary and secondary end points for

participants with complete HbA1c data
at 3 years are displayed in Supp-
lementary Table 1 and Fig. 2A. Three
years after randomization, substantially
more surgical patients achieved diabe-
tes remission, defined as HbA1c #6.5%
off diabetes medications, compared
with patients in the medical/lifestyle
group (60 of 160 [37.5%] vs. 2 of 76
[2.6%], respectively; P < 0.001). Achiev-
ing glycemic targets of HbA1c #6.5% or
#7.0%, with or without diabetes medi-
cations, were also greater following sur-
gical than medical/lifestyle intervention.
When adjusted for treatment allocation,
annual visit, baseline HbA1c, diabetes
duration, insulin use, and sex, the pre-
dicted probability of remission at 3
years with surgery was 41.6% (95% CI
29.6–58.3) compared with 1.0% (95% CI
0.2–4.0) in the medical/lifestyle group
(P < 0.001). Surgical patients had
greater reductions in HbA1c (D 5 �1.9 ±
2.0 vs. �0.1 ± 2.0%; P < 0.001) and fast-
ing plasma glucose (D 5 �52 [�105,
�5] vs. �12 [�48, 26] mg/dL; P <
0.001) than medical/lifestyle patients. Of
note, RYGB and SG achieved a more
effective reduction in HbA1c (�2.1% and
�2.5%, respectively) (Supplementary
Table 5) than AGB (�0.9%), but all sur-
gical procedures were more effective in
improving HbA1c than the medical/life-
style intervention (Fig. 2A).
Surgery yielded greater reductions

in BMI (D 5 �8.0 ± 3.6 vs. �1.8 ± 2.9
kg/m2; P < 0.001), body weight (D 5
�22.7 ± 10.5 vs. �5.0 ± 8.7%; P <
0.001) (Fig. 2B), and waist circumfer-
ence (D 5 �17.5 ± 10.2 vs. �2.1 ± 9.6
cm; P < 0.001) compared with medical/
lifestyle intervention. Systolic but not
diastolic blood pressure was improved
after surgery compared with the medi-
cal/lifestyle intervention (D 5 �2.7 ±
19.3 vs. 3.2 ± 19.2 mmHg; P < 0.03).

Surgical patients also achieved greater
increases in HDL cholesterol (D 5 14.5 ±
11.1 vs. 2.3 ± 10.1 mg/dL; P < 0.001)
and reductions in triglycerides (D 5 �48
[�110, �2] vs. �10 [�70, 15] mg/dL;
P < 0.004), but similar changes in LDL
cholesterol (D 5 2.2 ± 38.5 vs. �0.2 ±
26.3 mg/dL; P 5 0.62). The number of
patients with metabolic syndrome was
lower 3 years after the surgical interven-
tion (56 of 144 [38.9%] vs. 46 of 67
[68.7%]; P < 0.001). Whereas the albu-
min-to-creatinine ratio was reduced in
the surgical group, there was no change
in the medical/lifestyle group (D 5 �2
[�13, 1] vs. 0 [�4, 4] mg/mg creatinine;
P 5 0.003). Reductions in estimated glo-
merular filtration rate did not differ
between groups (D 5 �4.6 ± 17.3 vs.
�5.6 ± 17.5 mL/min/1.73 m2; P 5 0.55)
(Table 1). The percentage of patients
requiring medications for diabetes, dysli-
pidemia, and hypertension at 3 years
were all reduced in the surgical com-
pared with the medical/lifestyle group
(P < 0.001 for each) (Fig. 2C and
Supplementary Table 2). For those
receiving diabetes medications, regimens
were also simplified, with less insulin per
dose and fewer individuals requiring tri-
ple therapy. Key end points for the dif-
ferent surgical procedures are provided
in Supplementary Table 5.

Table 2 displays cumulative serious
AEs (SAEs) from the start of the original
intervention through 3 years of follow-
up in ARMMS-T2D. There were 16 car-
diovascular-related SAEs (including 1
death and 6 angioplasty/stent proce-
dures) in the medical/lifestyle interven-
tion and 8 in the surgical intervention
(4 in RYGB, 2 in SG, and 2 in AGB).
Coronary revascularization–related SAEs
were more prevalent in the medical/
lifestyle intervention compared with the
surgical groups. There were multiple
percutaneous coronary interventions in
two patients; however, there were
insufficient numbers of total cardiovas-
cular events to demonstrate statistical
differences among the groups. More
detailed analysis by type of surgery
revealed a greater frequency of gastroin-
testinal-related SAEs after RYGB (12.1%),
SG (12.2%), and AGB (17.9%) com-
pared with medical/lifestyle interven-
tion (0.8%). The RYGB group had a
greater frequency of nutrition/meta-
bolic-related SAEs (mostly related to
dehydration) than did the other

surgical groups or medical/lifestyle
intervention. There were very few can-
cer-related SAEs in all groups, with no
differences across groups (Table 2 and
Supplementary Table 6).

A greater frequency of invasive pro-
cedures occurred after AGB (20%),
RYGB (15%), and medical/lifestyle inter-
vention (11%) compared with SG (4%)
(Supplementary Table 7). AEs of interest
not sufficiently severe to qualify as SAEs
included AGB malfunction not requiring
hospitalization or surgery (n 5 6), emer-
gency room visits for abdominal pain in
two patients who received AGB, mar-
ginal ulcers after RYGB (n 5 5), and gas-
tric ulcer after medical/lifestyle (n 5 1).

CONCLUSIONS

Despite growing evidence that meta-
bolic surgery is the most effective treat-
ment for type 2 diabetes (17), it is
estimated that <1% of eligible patients
actually undergo such operations (18).
This is largely attributed to concerns
from referring providers and patients
about long-term safety and durability
(19). In this study, we report data from
the largest cohort of participants pro-
spectively randomized to either surgical
or medical/lifestyle-based management
of type 2 diabetes. Our study includes a
substantial proportion of patients who
were only overweight or had mild/mod-
erate obesity (BMI 27–34 kg/m2), as
well as those with more severe obesity
(BMI $35 kg/m2). The inclusion of
patients from four different centers
across the U.S. enhances the generaliz-
ability of our data and strongly supports
the efficacy, durability, and safety of
metabolic surgery to treat type 2 diabe-
tes. We examined a range of metabolic
surgical procedures and are one of only
a few RCTs to include data on SG, which
is now the most performed procedure
worldwide.

We found that metabolic surgery was
superior to medical/lifestyle interven-
tion for achieving diabetes remission as
well as lowering HbA1c, fasting glucose,
BMI, and other cardiovascular risk fac-
tors using substantially fewer medica-
tions at 3 years of follow-up. Our data
also demonstrate that comprehensive
combined medical and lifestyle inter-
vention, modeled after the Diabetes
Prevention Program (20) and Look
AHEAD trials (21), was not sufficient in
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Figure 2—Change in HbA1c. A: Change in HbA1c (%) from baseline to 12, 24, and 36 months following randomization to medical/lifestyle, RYGB, SG,
or AGB. Least-squares means and corresponding SEs from a repeated-measures model are plotted. Black dotted line with black circles indicates
combined effects of surgical intervention. Surgery lowered HbA1c to a greater extent than medical/lifestyle intervention. B: Percent change in
body weight from baseline to 12, 24, and 36 months following randomization to medical/lifestyle, RYGB, SG, or AGB. Least-squares means and cor-
responding SEs from a repeated-measures model are plotted. Black dotted line with black circles indicates combined effects of surgical interven-
tion. Surgery lowered body weight to a greater extent than medical/lifestyle intervention. C: Percentage of patients taking diabetes medication at
baseline and 3 years following surgery or medical/lifestyle intervention. LAGB, laparoscopic AGB.
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Table 1—Glycemic and body composition end points through 3 yearsa

Surgical intervention
(N = 171)

Medical/lifestyle
intervention (N = 85) Difference (95% CI)d P value

Primary end point, n/N (%)
HbA1c #6.5 off diabetes medications 60/160 (37.5) 2/76 (2.6) 34.9 (26.5, 43.1) <0.001
Estimated probability from GLM modelb %
(95% CI)

41.6 (29.6, 58.3) 1.0 (0.2, 4.0) <0.001

Secondary end points, n/N (%)

#7.0 with or without diabetes medications 109/171 (63.7) 28/85 (32.9) 30.8 (18.5, 43.1) <0.001
#6.5 with or without diabetes medications 81/171 (47.4) 15/85 (17.6) 29.7 (18.7, 40.7) <0.001
#6.0 without diabetes medications 41/160 (25.6) 2/76 (2.6) 23.0 (15.3, 30.6) <0.001

HbA1c level (%)

At 3 years (n = 171, n = 85) 6.9 ± 1.3 8.2 ± 1.9
Change from baseline �1.9 ± 2.0 �0.1 ± 2.0 �1.9 (�2.4, �1.3) <0.001

Fasting plasma glucose (mg/dL), median (Q1, Q3)

At 3 years (n = 166, n = 75) 107 (89, 139) 129 (97, 170)
Change from baseline �52 (�105, �5) �12 (�48, 26) �40 (�61, �19) <0.001c

Body weight (kg)

At 3 years (n = 161, n = 82) 80.6 ± 15.5 100.0 ± 17.5
Change from baseline �22.7 ± 10.5 �5.0 ± 8.7 �17.6 (�20.3, �15.0) <0.001

BMI (kg/m2)

At 3 years (n = 161, n = 82) 28.4 ± 4.2 34.5 ± 4.1
Change from baseline �8.0 ± 3.6 �1.8 ± 2.9 �6.3 (�7.2, �5.4) <0.001

Waist circumference, cm

At 3 years (n = 142, n = 67) 97.4 ± 11.5 111.1 ± 13.0
Change from baseline �17.5 ± 10.2 �2.1 ± 9.6 �15.4 (�18.3, �12.5) <0.001

LDL-C (mg/dL)

At 3 years (n = 165, n = 80) 100.2 ± 29.9 95.0 ± 35.9
Change from baseline 2.2 ± 38.5 �0.2 ± 26.3 2.4 (�7.1, 11.8) 0.62

HDL cholesterol (mg/dL)

At 3 years (n = 167, n = 83) 57.2 ± 16.5 46.8 ± 12.4
Change from baseline 14.5 ± 11.1 2.3 ± 10.1 12.2 (9.3, 15.0) <0.001

Triglycerides (mg/dL), median (Q1, Q3)

At 3 years (n = 167, n = 84) 99 (77, 141) 124 (93, 160)
Change from baseline �48 (�110, �2) �10 (�70, 15) �37 (�59, �15) 0.004c

SBP (mmHg)

At 3 years (n = 159, n = 83) 132 ± 18.5 133 ± 18.0
Change from baseline �2.7 ± 19.3 3.2 ± 19.2 �5.9 (�11.1, �0.7) 0.03

Diastolic blood pressure (mmHg)

At 3 years (n = 159, n = 83) 76 ± 9.9 76 ± 9.8
Change from baseline �4.0 ± 10.1 �3.0 ± 10.4 �1.0 (�3.8, 1.7) 0.45

Percentage with HbA1c <7%, SBP <130/80 mmHg,
and LDL-C <100 mg/dL

24/155 (15.5) 8/77 (10.4) 5.1 (�3.8, 14.0) 0.29

Metabolic syndrome, n/N (%) 56/144 (38.9) 46/67 (68.7) �29.8 (�43.4, �16.1) <0.001

Albumin-to-creatinine ratio, mg/mg creatinine,
median (Q1, Q3)

At 3 years (n = 127, n = 63) 5 (3, 10) 7 (4, 13)
Change from baseline �2 (�13, 1) 0 (�4, 4) �2 (�4, 0) 0.003c

CKD-EPI eGFR (mL/min/1.73 m2)

At 3 years (n = 166, n = 84) 99.6 ± 18.3 98.7 ± 20.9
Change from baseline �4.6 ± 17.3 �5.6 ± 17.5 1.0 (�3.8, 5.7) 0.55

Estimated glomerular filtration rate (eGFR) according to CKD-EPI equation (2009): GFR = 141 × min (Scr/k, 1)a × max(Scr/k, 1) � 1.209 ×
0.993Age × 1.018 [if female] × 1.159 [if Black]; where Scr is serum creatinine in mg/dL, k is 0.7 for females and 0.9 for males, a is �0.329
for females and �0.411 for males; min indicates the minimum of Scr/k or 1, and max indicates the maximum of Scr/k or 1. CKD-EPI, Chronic
Kidney Disease Epidemiology Collaboration; GLM, generalized linear model; LDL-C, LDL cholesterol; SBP, systolic blood pressure. aPopulation
includes patients with nonmissing HbA1c at 3 years. bProbability of meeting end point definition derived from a GLM using an inverse link
function including covariates for baseline HbA1c, insulin use, sex, and duration of diabetes. cWilcoxon rank sum test. dRisk differences and
exact 95% CIs are displayed for binary variables, mean differences and 95% CIs generated by ANOVA are presented for continuous variables
with a normal distribution, and median differences with 95% CIs calculated using quantile regression are presented for continuous data with
a nonnormal distribution.
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most patients to induce durable diabe-
tes remission or achieve the guidance-
driven HbA1c target of #7.0% with or
without diabetes medications. Despite
education in nutrition, exercise, and
self-monitoring, as well as use of newer
diabetes medications as they became
available (e.g., glucagon-like peptide 1
receptor agonists and dipeptidyl pepti-
dase 4 inhibitors), diabetes remission
was achieved in only 2.6% of patients,
which was substantially less than that
attained with metabolic surgery (37.5%).

Multidisciplinary weight-management
approaches are emerging as viable and
potentially cost-effective treatment options
for patients with diabetes and over-
weight/obesity. Such approaches, how-
ever, often fail to achieve durable weight
loss of >5–10% (22), and a new report
suggests that despite greater medication
use, diabetes control is getting worse, not
better (23). One encouraging result is the
recently completed DiRECT trial, a pri-
mary care–led diet intervention in the
U.K. that successfully achieved diabetes
remission (HbA1c #6.5% off medications)
in 46% of patients with diabetes after 12
months and 36% after 24 months
(24,25). It is notable, however, that partic-
ipants in DiRECT had very mild, early dia-
betes prior to intervention. The DIADEM-I
trial examined an intensive lifestyle inter-
vention combined with usual medical
care in primary and community settings
among adults with overweight/obesity
and short diabetes duration (<3 years).
With the 12-month intervention, diabe-
tes remission occurred in 61% of partici-
pants compared with 12% of participants
in the control condition (26). Additionally,
newer medications such as semaglutide,
which was not available when our study
participants initiated their interventions,
have recently proven efficacy in lowering
HbA1c and achieving 1-year weight loss
that rival the effects of metabolic surgery
seen at 1 year in the ARMMS-T2D parent
RCTs (9–13,27). The maximum pharma-
ceutical weight loss yet reported with
semaglutide is 15.8% at 68 weeks in
adults with overweight or obesity; of
note, 38.5% of the participants lost
>20% body weight, 84% of participants
experienced adverse gastrointestinal
effects, and none of these participants
had type 2 diabetes (28). By compari-
son, patients who underwent meta-
bolic surgery have maintained a mean
3-year total weight loss of 22%, with

RYGB producing a 27% weight loss.
Other studies demonstrate compara-
ble magnitudes of weight loss after
surgery persisting for up to 20 years
(29). While improving in efficacy, anti-
obesity medications approved by reg-
ulatory agencies including the Food
and Drug Administration, the National
Institute for Health and Care Excel-
lence, and the European Medicine
Agency are rapidly gaining in efficacy
and ability to produce weight loss
that is nearly comparable to surgery.
Whether this amount of weight loss is
sustainable with medication remains
to be determined. Continued follow-up
in ARMMS-T2D will provide the critical
data to evaluate the efficacy of newer
strategies alone or in combination with
metabolic surgery for comparative and
synergistic efficacy to facilitate remission
of type 2 diabetes.

Longer-term results from both the
Diabetes Control and Complications Trial
and Epidemiology of Diabetes Interven-
tions and Complications (DCCT/EDIC)
(30) (albeit type 1 diabetes) and UK Pro-
spective Diabetes Study (UKPDS) (31)
demonstrate persistent health benefits of
glycemic control initiated early after dia-
betes diagnosis, referred to as “metabolic
memory,” with emergent cardiovascular
benefit over a much longer time period,
even long after intensive glycemic control
has ceased (32). Together, these findings
support the need for improved diabetes
management options and potential for
long-term health impact following meta-
bolic interventions. However, our partici-
pants had diabetes diagnosed for 8 years
on average, and it remains uncertain if
later initiation of glycemic control will pro-
vide the same health benefits over time
as that seen with early glycemic interven-
tion. With the exception of recent 10-year
follow-up data on 60 patients from Min-
grone et al. (33), there are no long-term
term data on patients randomly assigned
to surgical versus medical/lifestyle inter-
vention regarding the comparative effects
on diabetes complications, particularly in
patients with lower BMI (34). Further-
more, the study from Mingrone et al. (33)
only included patients undergoing RYGB
or biliopancreatic diversion, limiting its
generalizability from a safety and durabil-
ity perspective.

Macrovascular disease is a leading
cause of morbidity and mortality for
patients with type 2 diabetes. Fur-

thermore, the long-term sequelae of
microvascular disease (including neu-
ropathy, nephropathy, and retinopathy)
reduce quality of life (35). Therefore,
optimizing glycemic control, blood
pressure, and serum lipid levels are
essential diabetes treatment goals. In
addition to glycemic differences, we
observed improvements in compo-
nents of the metabolic syndrome,
including waist circumference, systolic
blood pressure, HDL cholesterol, and tri-
glycerides, in the surgical compared with
medical/lifestyle interventions (Table 1).
Although the albumin-to-creatinine ratio,
a marker of glomerular damage was
lower in patients undergoing metabolic
surgery, this statistically significant differ-
ence is not likely to be clinically signifi-
cant, as mean baseline levels were in the
normal range. There were four times as
many serious adverse cardiovascular
events among medical/lifestyle compared
with surgical patients. These included one
death after coronary artery bypass graft
(CABG), one resuscitated cardiac arrest,
and several angioplasty/stent events.
Among patients undergoing surgery, there
was one stroke and one CABG. Further
analysis of macrovascular disease will
require longer-term follow-up of our ran-
domized cohort. Nevertheless, there is
mounting evidence from large, well-con-
trolled, and well-conducted but non-
randomized metabolic surgery trials that
show improved micro- and macrovascular
disease outcomes and reduced rates of
major cardiovascular AEs (36–38).

There were too few AEs in ARMMS-
T2D to draw firm, long-term safety con-
clusions. Beyond the macrovascular
events noted above, important but less
severe events included lightheadedness,
vertigo, and foot ulcers. However, gas-
trointestinal and nutrition-related AEs
predominated in the surgical compared
with medical/lifestyle group. A limita-
tion of our study was the lack of meas-
urements of serum biomarkers at all
sites to detect levels of micro- and mac-
ronutrient deficiencies resulting from
these gastrointestinal operations. These
nutritional deficiencies, including iron,
thiamine, and vitamins B12, D, and A,
are well documented in the literature
and require lifelong prevention, moni-
toring, and management (39). Subse-
quent invasive procedures were common
after all interventions, including AGB
(20%), RYGB (15%), and medical/lifestyle
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Table 2—SAEs by intervention type through 3 years after randomization

RYGB (n = 107) SG (n = 49) AGB (n = 39)
Medical/lifestyle

intervention (n = 121)

Cardiovascular
Death from cardiac tamponade post-CABG 0 0 0 1
Cardiac arrest (with survival) 0 0 0 1
Stroke 0 1 0 0
Myocardial infarction 0 0 0 0
Coronary artery stenosis, CABG 1 0 0 2
Coronary artery stenosis, stent/angioplasty 0 0 0 6*
Heart failure, hospitalization 0 0 0 1
Supraventricular arrhythmia 0 0 0 2
Presyncope 1 0 0 2
Hypotension/lightheadedness 0 0 1 0
Hypertension/vertigo 0 0 1 0
Pulmonary embolism 0 0 0 1
Foot ulcers requiring hospitalization 2 1 0 0
Total, n (%) 4 (3.7) 2 (4.0) 2 (5.1) 16 (13.2)

Gastrointestinal

Gastric band obstruction 0 0 3 0
Gastric band placement failure† 0 0 1 0
Gastric band port malposition 0 0 1 0
Gastric band intolerance requiring removal 0 0 1 0
Abdominal pain requiring hospitalization 0 0 1 0
Stricture 1 1 0 0
Marginal ulcer 3 0 0 0
Gastric leak/fistula 0 1 0 0
Intraabdominal bleeding (transfusion) 0 2 0 0
Small bowel obstruction 5 1 0 1
Symptomatic cholelithiasis 4 1 0 0
Total, n (%) 13 (12.1) 6 (12.2) 7 (17.9) 1 (0.8)

Genitourinary

Renal calculus (hospital treatment) 8 4 0 6
Acute kidney injury 1 0 0 0
Urinary stress incontinence 0 0 0 1
Scrotal cellulitis 0 0 0 1
Total, n (%) 9 (8.4) 4 (8.1) 0 8 (6.6)

Neurologic and psychiatric

Syringomyelia 0 0 2 0
Erb palsy 0 0 1 0
Depression (hospital admission) 2 0 0 0
Alcohol dependency (hospital admission) 1 0 0 0

Soft tissue/musculoskeletal

Hernia 3 1 0 1
Redundant abdominal skin 2 0 0 0
Bone fracture (humerus) 0 0 0 1
Osteoarthritis 1 0 0 0
Cervical osteophyte–induced dysphagia 1 0 0 0
Spinal stenosis 0 0 0 1
Total, n (%) 10 (9.3) 1 (2.0) 3 (7.7) 3 (2.5)

Nutrition/metabolic

Chronic anemia (requiring transfusion) 3 0 0 0
Dehydration requiring intravenous hydration 12 4 0 3
Severe hypoglycemia 2 0 1 4
Weight regain (requiring intervention) 2 0 3 0
Total, n (%) 19 (17.8) 4 (8.1) 4 (10.3) 7 (5.8)

Infections

Wound infection (debridement) 1 0 0 0
Pneumonia 3 1 0 0
UTI (hospitalization) 1 0 0 2
Total, n (%) 5 (4.7) 1 (2.0) 0 2 (1.7)

Cancer 3 (2.8) 2 (4.1) 0 4 (3.3)

UTI, urinary tract infection. *Six stents in two patients. †Band not placed due to large hiatal hernia.
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intervention (11%), with the exception of
SG (4%). Health implications for patients
with these types of SAEs by treatment
approach should also be considered, and
longer follow-up will be informative.

Limitations to our study include a nec-
essarily open-label design, differences in
parent trial study protocols, and lack of
uniform baseline and follow-up data at
all sites related to diabetes complications
(retinopathy and neuropathy) to draw
conclusions about the impact of meta-
bolic surgery on these events. We also
note that the study was not powered to
detect a difference between surgical
groups. Some may argue that our primary
end point, diabetes remission (HbA1c
#6.5% without pharmacotherapy), is sim-
ply not possible for the medical/lifestyle
intervention group, especially given the
advanced duration of disease. Further,
serum measures of nutritional deficien-
cies, quality-of-life measures, and meas-
ures of alcohol use disorder were not
uniformly collected at all sites and thus
not available for analysis. We also note
that most participants were female,
which is consistent with real-world obser-
vations that women are more inclined to
undergo weight-loss surgery. This does
somewhat limit generalizability of the
observations; however, more than one-
quarter of our cohort was non-White,
which is relatively diverse compared with
prior bariatric research studies.

In summary, prospective randomized
interventional data from the largest
cohort of patients to date demonstrates
that metabolic surgery improves glyce-
mic control, diabetes-related comorbid-
ities, and weight loss to a greater extent
than medical/lifestyle intervention for
up to 3 years after treatment, with min-
imal and generally tolerable AEs.
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