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BACKGROUND

Remission of type 2 diabetes following bariatric surgery is well established, but
identifying patients who will go into remission is challenging.

PURPOSE

To perform a systematic review of currently available diabetes remission predic-
tion models, compare their performance, and evaluate their applicability in clini-
cal settings.

DATA SOURCES

A comprehensive systematic literature search of MEDLINE, MEDLINE In-Process &
Other Non-Indexed Citations, Embase, and Cochrane Central Register of Con-
trolled Trials (CENTRAL) was undertaken. The search was restricted to studies
published in the last 15 years and in the English language.

STUDY SELECTION

All studies developing or validating a prediction model for diabetes remission in
adults after bariatric surgery were included.

DATA EXTRACTION

The search identified 4,165 references, of which 38 were included for data extrac-
tion.We identified 16 model development and 22 validation studies.

DATA SYNTHESIS

Of the 16 model development studies, 11 developed scoring systems and 5 pro-
posed logistic regression models. In model development studies, 10 models
showed excellent discrimination with area under the receiver operating charac-
teristic curve ‡0.800. Two of these prediction models, ABCD and DiaRem, were
widely externally validated in different populations, in a variety of bariatric pro-
cedures, and for both short- and long-term diabetes remission. Newer prediction
models showed excellent discrimination in test studies, but external validation
was limited.

LIMITATIONS

While the key messages were consistent, a large proportion of the studies were
conducted in small cohorts of patients with short duration of follow-up.

CONCLUSIONS

Among the prediction models identified, the ABCD and DiaRem models were the
most widely validated and showed acceptable to excellent discrimination. More
studies validating newer models and focusing on long-term diabetes remission
are needed.
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Bariatric surgery is an established cost-
effective treatment option in patients
with type 2 diabetes. In addition to sus-
tained weight loss, it is associated with
significant improvements in glycemic con-
trol, including achieving type 2 diabetes
remission (1–3), and reduction in the risk
of micro- and macrovascular complica-
tions and mortality (4–6). The proportion
of patients achieving diabetes remission
following bariatric surgery varies between
studies and is estimated to be between
30 and 70%. This proportion lessens with
longer follow-up and with longer diabetes
duration at the time of surgery (7–9). This
observed variation in the remission prev-
alence may be attributed to differences
in definitions of diabetes remission, the
population studied, the type of bariatric
surgery, and the duration of follow-up.
Type 2 diabetes is one of the main

indications for bariatric surgery in people
with obesity (10). Given the variation in
the rates of diabetes remission following
bariatric surgery, a number of studies
aiming to identify predictors of diabetes
remission following bariatric surgery
have been published (11–14). Variables
associated with better b-cell function
such as younger age, shorter diabetes
duration, high C-peptide, lack of insulin
treatment, and lower preoperative HbA1c
(15) and lower preoperative BMI have
been identified as predictors of type 2
diabetes remission postsurgery.
In consideration of the importance of

predicting diabetes remission for individu-
alizing care and helping patients and
health care professionals to make informed
decisions, several scoring systems incorpo-
rating the above-mentioned variables to
predict diabetes remission have been
developed (16–18). With acknowledgment
of the mounting literature in this area and
the increasing use of bariatric surgery
worldwide, there is a need to describe the
available prediction models and assess
their ability to predict diabetes remission in
patients with type 2 diabetes undergoing
bariatric surgery and their utility in clinical
practice.

METHODS

This systematic review followed the Pre-
ferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA)
guidelines (19). The protocol was reg-
istered on International prospective

register of systematic reviews (PROS-
PERO), reg. no. CRD42019124644.

Data Sources and Searches
We searched MEDLINE and MEDLINE In-
Process & Other Non-Indexed Citations,
Embase (Ovid), and Cochrane Central
Register of Controlled Trials (CENTRAL).
An example of the search strategy used
in Embase can be found in Supplemen-
tary Table 1. Key search terms were type
2 diabetes, remission, and bariatric sur-
gery. The search terms for prognostic/pre-
dictive models included prediction,
prognosis, sensitivity, specificity, ROC
(receiver operating characteristics) curve,
and AUC (area under the ROC curve)
with wild cards as well as other search
terms as per published guidance (20).

The search was limited to articles
published in the English language and in
the last 15 years, as the concept of dia-
betes remission was established and
coined by the American Diabetes Asso-
ciation in 2009. The final search was
performed on 26 January 2019 and
updated on 8 August 2020 (Fig. 1).
EPPI-Reviewer 4 software was used for
compiling the references, first screening
by title and abstract, second screening
of full text, and collaborating among
reviewers (21).

Study Selection
First screening by title and abstract was
performed by two reviewers (P.S. and
S.B.) independently. Discrepancies were
discussed to reach a consensus. We
included clinical studies (observational or
interventional studies) (Setting, S) involv-
ing adults with type 2 diabetes (Partici-
pants, P) who subsequently had bariatric/
metabolic surgery (Interventions, I) and
those who developed or validated a pre-
diction model to predict diabetes remis-
sion (Outcome, O). Multiple definitions of
diabetes remission were used, but we
included only studies with definitions of
HbA1c of #6.5% (48 mmol/mol) and par-
ticipants being off glucose-lowering medi-
cation, with follow-up of at least a year.

We excluded review articles, studies
with participants including children/adoles-
cents or those with gastric cancer or gas-
tric ulcer, studies where the intervention
was other than bariatric/metabolic sur-
gery, studies with an outcome of diabetes
remission defined as HbA1c >6.5% (48
mmol/mol), studies with a follow-up

period <12 months, and studies where
the analysis was limited to identifying
predictors.

Data Extraction and Quality
Assessment
The data extraction template was drafted
on DistillerSR software (22). Data were
collected by P.S. and independently col-
lected by second reviewers (N.J.A., J.H.,
and S.B.). We adapted the CHecklist for
critical Appraisal and data extraction for
systematic Reviews of prediction Model-
ling Studies (CHARMS) toolkit (23) to
design the data collection domains; we
gathered data on the country, data
source, type of study, demographics of
participants, type of bariatric procedure,
length of follow-up, definition of diabetes
remission, statistical method used for
model development, and performance
measures (Supplementary Table 3). We
calculated the discrimination scores
for models when this was not reported by
the authors and where data to calculate
them were available in the publication.

Risk of Bias Assessment
We used a customized version of the
Prediction model Risk Of Bias ASsess-
ment Tool (PROBAST) to assess risk of
bias and applicability (24). The assess-
ment was done under four domains for
risk of bias—participants, predictors, out-
comes, and analysis—and three domains
for applicability and generalizability: par-
ticipants, predictors, and outcomes. The
participants domain covers bias in patient
selection and study design, the predictors
domain is related to definition of predic-
tors included in the prediction model,
the outcome domain covers definition
and measurement of the outcome, and
the analysis domain relates to statistical
analysis, handling missing data and over-
fitting (24) (Supplementary Table 4).

Statistical Analysis
A prediction model has three main
phases: model development (preferably
with internal validation), external valida-
tion, and investigation of clinical impact
(25). Model development and validation
involve identifying predictors, selecting
the important predictors by regression
analysis/modeling, proposing a model
by assigning relative weights to the indi-
vidual predictors included, conducting
internal validation, and validating in
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an external cohort to avoid overfit-
ting (26). In this review, we classed
the studies with development and
internal validation of a prediction
model as model development studies
and studies with external validation
of prediction models in a new cohort
as validation studies.

We explored these phases for the iden-
tified prediction models and assessed the
performance (26,27).We assessed the per-
formance of the models based on discrimi-
nation, defined as the ability to distinguish
between those who will and who will not
achieve the outcome of interest, and cali-
bration, defined as the ratio of those

expected to have a desired outcome to
those observed to achieve the outcome.

Data Synthesis and Analysis
For prediction models presented as a
scoring system, the sensitivity and specif-
icity will vary depending on different cut
points. Therefore, we chose to assess dis-
crimination using area under the ROC
curve (AUC), which covers all the sensitiv-
ity and specificity values at different cut
points (28) and allows comparison of the
prediction models. AUC of 0.5 signifies no
ability to discriminate. For our study, we
followed the categorizations used by
Zhang et al. (29), defining 0.501–0.699 as

poor discrimination, 0.700–0.799 as
acceptable discrimination, 0.800–0.899 as
excellent discrimination, and 0.900–1.000
as outstanding. For studies where AUC
was not reported, where possible we cal-
culated discrimination using published
tables providing information on the par-
ticipants, their score, and their outcome
in terms of remission and nonremission.
We used Stata for the analysis, generat-
ing AUC graphs and values (with 95% CI).
Calibration was estimated by calculating
the expected number (E) who should
experience diabetes remission as
reported in the model/score develop-
ment paper and obtaining the observed
number (O) from the tables providing
information on score and outcome. This
information was then used to calculate E-
to-O ratio (30). E-to-O ratio of 1 repre-
sents perfect calibration, <1 represents
underestimation of the events, and >1
represents overestimation (30).

As our search yielded studies with
significant heterogeneity, we undertook
three separate random-effects meta-anal-
yses of studies based on 1) their duration
of follow-up, 2) the HbA1c cutoffs used to
define remission, and 3) the type of bar-
iatric surgery (Fig. 2A–F). We excluded
studies from analysis where AUC was not
known or could not be estimated with
95% CI.

Our first meta-analysis was based on
follow-up duration; studies were grouped
into those with follow-up of 1 year and
those with follow-up of >1 year. In stud-
ies where diabetes remission was defined
using two HbA1c cutoff values (e.g., 6.0%
[42 mmol/mol] and 6.5% [48 mmol/
mol]), we included the AUC for the higher
cutoff only to avoid duplication of data
sources.

The second meta-analysis was based
on HbA1c cutoffs, and studies were
grouped into those with HbA1c cutoffs
of 6.5% (48 mmol/mol) and 6% (42
mmol/mol). In studies where diabetes
remission was assessed at two follow-
up points, we included the data with
longer follow-up duration.

The third meta-analysis was based on
type of surgery; studies were grouped
into Roux-en-Y gastric bypass (RYGB) or
sleeve gastrectomy (SG) groups. We
excluded studies in which the discrimina-
tion score was not available for specific
interventions separately. Similar to the
previous two meta-analyses, we included
the AUC for the higher HbA1c cutoff and

Figure 1—PRISMA flowchart.
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longer follow-up duration where AUC
was available for more than one HbA1c
cutoff or length of follow-up.

RESULTS

Following the initial search, we retrieved
5,825 articles. After removal of 1,660 dup-
licates, 4,165 publications were identified
for title and abstract screening: 91 publi-
cations were identified as eligible for full
text screening, and 44 were excluded, as
these were conference papers or posters
with limited information, especially on
methods and risk of bias. The remaining
47 published articles were screened by
full text; 9 were excluded after screening
of the full text (reasons outlined in
Supplementary Table 2). The remaining 38
published articles were retained for data
extraction.

Study Characteristics
Of the 38 studies included in this review,
16 focused on model development
(Tables 1 and 2) and 22 focused on exter-
nal validation (Table 3). External valida-
tion studies were defined as studies
validating a predefined prediction model
in a different population or time period
from the population/time period used to
develop the model.

Model Development Studies
Of the 16 model development studies,
11 produced scoring systems, while
the other 5 were logistic regression pre-
diction models. The scoring systems were
as follows: ABCD, for age, BMI, C-peptide,
and duration (Lee et al. [16]), from Tai-
wan in 2013; Robert et al. (31) from
France in 2013; Diabetes Remission score
(DiaRem) (Still et al. [17,32]) from the
U.S. in 2014; diabetes remission score
(DRS) (Ugale et al. [33]) from India in
2014; Individualized Metabolic Surgery
(IMS) score (Aminian et al. [18]) from the
U.S. in 2017; Advanced-DiaRem (Ad-
DiaRem) (Aron-Wisnewsky et al. [34])
from France in 2017; DiaBetter (Pucci
et al. [35]) from the U.K. in 2017; Dia-
Rem2 (Still et al. [36]) in 2018, an
updated version of the preexisting Dia-
Rem model developed by the same
group; 5-year diabetes remission (5y-DR)
(Deb�edat et al. [37]) from France in 2018;
Metabolic Surgery Diabetes Remission
(MDR) score (Moh et al. [38]) from Japan
in 2020; and Umemura et al. (39) from
Singapore in 2020. The five logistic
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regression models were those of Hayes
et al. (40) from New Zealand in 2011,
Dixon et al. (13) from Taiwan in 2013,
Ramos-Levi et al. (41) from Spain in 2014,
Cotillard et al. (42) from France in 2015,
and Stallard et al. (43) from Canada in
2016 (Table 2).

Participants
Of 16 studies, 14 used retrospective data
and 2 used prospective data (13,40).
Eight studies included participants who
had undergone RYGB (13,16,17,34,36,37,
40,42), two studies included participants
who had SG (33,39), and the remaining

studies included more than one type of
bariatric surgical procedure (18,31,35,38,
41,43). Study sample size ranged from 46
to 690 participants, with a female pre-
ponderance except in two studies, DRS
(Ugale et al. [33]) and the study of Ume-
mura et al. (39), which had higher male

Figure 2—Meta-analysis. A: Performance of ABCD based on follow-up. B: Performance of DiaRem based on follow-up. C: Performance of ABCD
based on HbA1c cutoff defining diabetes duration. D: Performance of DiaRem based on HbA1c cutoff defining diabetes duration. E: Performance of
ABCD based on type of bariatric surgery. F: Performance of DiaRem based on type of bariatric surgery. ES, effect size.
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representation. The mean age of partici-
pants ranged between 36.5 and 57.6
years and mean BMI from 23.4 (33) to
49.7 kg/m2. Diabetes duration was avail-
able for all studies except that of Ume-
mura et al. (39). Mean diabetes duration
ranged from 2.1 years in the study by Lee
et al. (16) (ABCD model) to 9.9 years in
that of Ugale et al. (33) (DRS model). Pre-
operative HbA1c ranged from 6.8% (51
mmol/mol) in the study by Still et al. (17)
(DiaRem score) to 9.1% (76 mmol/mol) in
the study of Dixon et al. (13).

Follow-up Duration
The median follow-up range was 1–5
years. The majority of the studies
reported remission rates at 1 year. Three
studies reported longer follow-up: 2 years
in DiaBetter (Pucci et al. [35]) and 5 years
in IMS (Aminian et al. [18]) and 5y-DR
(Deb�edat et al. [37]).

Outcome Definition
Different definitions for diabetes remis-
sion were noted with some focusing on
complete diabetes remission (defined as
HbA1c <6.0% [42 mmol/mol] and no
antidiabetes medication for at least 12
months) (13,16,31,37) and others com-
bining complete and partial diabetes
remission (defined as <6.5% [48 mmol/
mol] and off medications for 12 months)
(17,18,34,38,39). DiaRem2 (36) and Stal-
lard et al. (43) defined diabetes remission
as an HbA1c of <5.7% (39 mmol/mol)
and #5.9% (41 mmol/mol), respectively,
after patients were off antidiabetes medi-
cations at 12 months.

Method/Analysis and Presentation
Predictors in the models varied and
included age, baseline BMI, C-peptide,
diabetes duration, HbA1c, insulin use,
glucose-lowering medications, sex, and
micro- and macrovascular complications.
5y-DR (37) included postoperative varia-
bles as predictors in the prediction
model. The number of predictors ranged
from 2 (40) to 10 (42). For five prediction
models a logistic regression model was
proposed; for the models of Dixon et al.
(13) and Hayes et al. (40) a logarithmic
equation was given, while Ramos-Levi
et al. (41), Cotillard et al. (42), and
Stallard et al. (43) defined the predic-
tors to be included in the prediction
model but gave no equation in their
publication.

The method for deriving the scoring
system varied among the 11 models.
For DiaRem (17) and DiaRem2 (36)
investigators reported hazard ratios
using Cox regression and odds ratios of
the final logistic models, respectively, to
create a scoring system. Umemura et al.
(39) used a weighing algorithm and
gave an odds ratio. In IMS (18) a nomo-
gram and benchmarks selected by an
expert panel were used. Ad-DiaRem
(34) and 5y-DR (37) used machine learn-
ing; Ad-DiaRem used a sparse support
vector machine and formulated a linear
integer programming task, and 5y-DR
used a fully corrective binning approach
to assign intervals and weight for each
variable. MDR (38) used quartile and
tertile cutoffs to obtain the weighting of
each of the predictors in the scoring
system. ABCD (16), Robert et al. (31),
DRS (33), and DiaBetter (35) offered
no information on how the weight-
ing for individual predictors was
decided.

Performance
For representing the model performance,
AUC was presented in the publications of
Ad-DiaRem (34), Dixon et al. (13), Robert
et al. (31), Ramos-Levi et al. (41), Stallard
et al. (43), DiaBetter (35), DiaRem2 (36),
5y-DR (37), and MDR (38). We calculated
the AUC for ABCD (16), DiaRem (17) and
the study by Umemura et al. (39) (Sup-
plementary Material). No AUC or per-
formance was reported for DRS (33),
IMS (18) or by Hayes et al. (40) or Cotil-
lard et al. (42), and data in the publica-
tions were insufficient to calculate these.

Of 12 prediction models for which
AUC was available, 10 (Dixon et al. [13],
Ramos-Levi et al. [41], Stallard et al.
[43], DiaRem [17], Robert et al. [31],
Ad-DiaRem [34], DiaBetter [35], Dia-
Rem2 [36], 5y-DR [37], and Umemura
et al. [39]) had excellent discrimination
(0.80–0.89) and two (ABCD [16] and
MDR [38]) had acceptable discrimina-
tion (0.70–0.79), irrespective of diabetes
remission definition (Table 1).

Risk of Bias Assessment
The studies developing DiaRem (17) and
Ad-DiaRem (34) were found to have low
risk of bias, and that of Dixon et al. (13)
was of unclear risk. The remaining model
development studies had high risk of
bias, mainly due to deficiencies in the

analysis domain. However, the appli-
cability in practice was of low risk in
all model development studies (Supple-
mentary Table 5).

Validation Studies
We identified 22 studies externally vali-
dating the prediction models (44–65).
Study characteristics are summarized in
Table 3. Of the 22 external validation
studies, 9 validated the ABCD score, 6
validated DiaRem, 1 validated IMS, and
the remaining 6 compared two or more
models.

Participants

In 19 studies retrospective data were
used (44–48,51,52,54–65), and in 3 data
were collected prospectively (49,50,53).
The sample size ranged from 53 (53) to
2,190 (61), and mean age ranged from
35.7 years (45) to 51.0 years (51,52,65).
All studies had a female predominance
except one (54). Mean BMI ranged
from 26.9 kg/m2 (46) to 52.1 kg/m2

(50). Median diabetes duration ranged
from 1 year (63) to 9.6 years (54), and
mean presurgery HbA1c ranged from
7.2% (55 mmol/mol) (60) to 9.1% (76
mmol/mol) (46).

Eight studies included participants who
underwent RYGB (47,48,50–52,57,58,62),
five included participants who underwent
SG (44,54–56,64), and the remaining nine
included a range of surgery types (45,46,
49,53,59–61,63,65) (Table 3).

Follow-up Duration

One study had a follow-up period of 10
years (50), six studies had a follow-up
period of 5 years (45,49,58,59,61,64), one
had 3 years’ follow-up (62), and the
remaining studies had follow-up of 1 year.

Outcome Definition

For defining diabetes remission, the HbA1c
cutoff was taken as 5.7% (39 mmol/mol)
in two studies (51,65) and 6.0% (42
mmol/mol) in 13 studies (44–49,52,54,
55,58,62,64), and in the remaining studies
diabetes remission was def-ined as HbA1c
#6.5% (48 mmol/mol).

Performance

Although 16 models were identified in
model development studies, few of these
were externally validated in more than
one external cohort; models that were
externally validated in more than one
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cohort were predominantly scoring sys-
tems. Direct comparison of the models
was seen in only six studies (48,55,
57,59,61,62).
Here we present the assessment of

validation studies based on the predic-
tion models validated. As ABCD and
DiaRem scores were validated most fre-
quently, we present these studies first
followed by the remainder of the pre-
diction models externally validated.

ABCD Score

In the original model development paper,
the authors also reported an external vali-
dation in a new cohort (16). We calcu-
lated the AUC to be 0.79 (95% CI
0.73–0.86) (acceptable discrimination)
(Table 1 and Fig. 2) and calibration (E-to-
O ratio) as 1.01 in the external cohort. In
a subsequent study, ABCD score cutoff
values for each variable were modified
(44). In this cohort, we calculated AUC as
0.77 (0.68–0.87) and 0.79 (0.69–0.90) for
complete and partial diabetes remission,
respectively (44). Calibration was not
available.
The ABCD score with the new cutoffs

(44) has been externally validated in
13 studies (45,46,48,49,53–59,62,64). Of
these 13 validation studies, 5 looked at
long-term diabetes remission at 3–5 years
(45,49,59,62,64) and the remaining 8 at 1
year. In one study poor discrimination
was found (53), while in others the dis-
crimination was found to be acceptable
to excellent depending on the type of
surgery and follow-up duration. Model
development studies for MDR (38) and
Umemura et al. (39) also validated
ABCD in their cohort and found the per-
formance to be poor and excellent,
respectively.
It was difficult to ascertain calibration

score, as it was not widely available, and
when available the results were inconsis-
tent. Calibration was only mentioned in
two studies (55,62) and found to be over-
estimating by 13% (55) and 12% (62) for
diabetes remission at 1 year and underes-
timating by 15% (62) at 3 years.

ABCD Meta-analysis. For ABCD, meta-
analysis of the results from multiple stud-
ies showed acceptable discrimination with
AUC of 0.79 (95% CI 0.76–0.82) for 1-year
follow-up and 0.80 (0.74–0.86) for longer-
term follow-up (Fig. 2A). At the different
HbA1c cutoffs, discrimination was excellent
with an AUC of 0.81 (95% CI 0.79–0.83)

for HbA1c cutoff of 6.0% (42 mmol/mol)
and acceptable at 0.78 (0.74–0.81) for
HbA1c cutoff of 6.5% (48 mmol/mol) (Fig.
2B). For RYGB, meta-analysis showed
excellent discrimination for ABCD with an
AUC of 0.82 (95% CI 0.80–0.85), while for
SG, discrimination was acceptable with
AUC of 0.79 (0.76–0.82) (Fig. 2C).

DiaRem Score

The DiaRem score has been externally
validated in 11 studies (47,48,50–52,55,
57,60–62,65) (Table 1 and Fig. 2). Three
studies looked at long-term (>1 year)
(50,61,62) diabetes remission, and the
remaining focused on remission at 1 year.

Excellent discrimination was found for
five external validation studies (47,50,55,
57,60), acceptable for five (48,51,61,62,
65), and poor for one (52).

Calibration was presented in two
studies (55,62). We were able to calcu-
late the E-to-O ratio for a further six
studies: DiaRem underestimated the
probability of diabetes remission in the
studies by Ahuja et al. (57) (E-to-O ratio
0.67) and Mehaffey et al. (50) (E-to-O
ratio 0.63 at 2 years and 0.71 at 10
years). It overestimated the probability
of diabetes remission in the other four
studies (47,48,51,52), with E-to-O ratios
of 1.31, 1.71, 1.14, and 1.25 in the stud-
ies by Honarmand et al. (51), Lee et al.
(48), Sampaio-Neto et al. (47), and Thara-
kan et al. (52), respectively. Calibration
was inconsistent across the studies.

In the model development studies of
Ad-DiaRem (34), DiaBetter (35), Dia-
Rem2 (36), and 5y-DR (37), DiaRem was
validated in their cohorts and excellent
discrimination was found, while Stallard
et al. (43) found good discrimination.

DiaRem Meta-analysis. In meta-analysis,
discrimination for DiaRem was as follows:
AUC 0.78 (95% CI 0.75–0.81) for short-
term and 0.83 (95% CI 0.80–0.86) for lon-
ger-term follow-up (Fig. 2B). At HbA1c cut-
offs of 6.0% (42 mmol/mol) and 6.5% (48
mmol/mol), the AUCs were 0.77 (95% CI
0.74–0.80) and 0.81 (95% CI 0.78–0.84),
respectively (Fig. 2D).

For RYGB, meta-analysis showed acce-
ptable discrimination for DiaRem with
AUC of 0.78 (95% CI 0.74–0.82). No
meta-analysis was performed for SG, as
there was only one study identified with
validation of DiaRem in an SG cohort
(Fig. 2F).

Performance of Other Prediction Models

The discrimination scores for other pre-
diction model are summarized in Table 1.
The IMS score was externally validated by
three validation studies (55,59,63) and
one model development study (Umemura
et al. [39]). Discrimination was found to
be excellent in the study by Shen et al.
(55) and acceptable in the RYGB cohort of
Chen et al. (59) and in the study by Park
et al. (63) but poor in the SG cohort of
Chen et al. (59) and Umemura et al. (39).

Ad-DiaRem (34) was externally vali-
dated in three validation studies (55,61,
62) and 5y-DR model development study
(37). Kam et al. (62) in their study found
acceptable performance, while the other
three found excellent performance.

DiaBetter (35), Dixon et al. (13), and
Ramos-Levi et al. (41) were noted to
have excellent discrimination (55), and
DRS (33) had good performance in one
external validation study (57). The Robert
et al. (31) and Hayes et al. (40) prediction
models performed poorly in one external
validation with an AUC <0.70 (55). No
external validation studies are available
for DiaRem2 (36), Stallard et al. (43),
Cotillard et al. (42), 5y-DR (37), MDR (38),
or Umemura et al. (39).

Calibration in an external validation
study for Ad-DiaRem, DiaBetter, Dixon
et al., and Ramos-Levi et al. found the
models to be overestimating with pre-
dicted (or expected)-to-observed ratios of
1.06, 1.05, 1.13, and 1.12, respectively
(55). Hayes et al. and Robert et al. were
noted to be overestimating by 23–30%
with predicted-to-observed ratios of 1.23
and 1.30, respectively (55).

Risk of Bias Assessment

Guerron et al. (65) had low risk of bias,
three studies (45,50,53) were classified
as high risk of bias as a result of the
analysis domain, and the remaining
external validation studies had unclear
risk of bias (Supplementary Table 6).
We rated risk of bias in the analysis
domain as unclear either if information
on missing data was not reported or was
not included in the analysis or if model
performance was not reported; if neither
was reported, we rated the domain as
high risk of bias. However, no concerns
were raised in terms of applicability, with
all studies rated as low risk.

Ideally, a sensitivity analysis restricted
to low risk of bias studies should be per-
formed. In our review, only one external
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validation study—validating the DiaRem
model—was rated as low risk of bias
(65); results of the meta-analyzed stud-
ies for DiaRem were consistent with the
findings of this study.

CONCLUSIONS

In this systematic review, we have iden-
tified currently available models for
predicting diabetes remission following
bariatric surgery. We assessed and com-
pared the performance of these models
and evaluated their applicability in clinical
settings. The most externally validated
models in our review were ABCD and
DiaRem. Although the ABCD and DiaRem
models were primarily developed for pre-
dicting diabetes remission at 1-year fol-
low-up, they have been validated in
studies predicting long-term diabetes
remission. The AUC estimate for DiaRem
for long-term diabetes remission and dia-
betes remission defined with an HbA1c
cutoff of 6.5% (48 mmol/mol) was higher
than for ABCD. The AUC for ABCD for pre-
dicting short-term remission and diabetes
remission defined by an HbA1c cutoff of
6.0% (42 mmol/mol), was higher than
that for DiaRem. Specifically for patients
who underwent RYGB, AUC was higher in
ABCD than for DiaRem. However, in all
instances, CIs overlapped.

Due to the lack of discrimination
(AUC) score with 95% CI, we were not
able to include in our meta-analysis
three studies (34,37,43) conducted on
patients who underwent RYGB and vali-
dating DiaRem that otherwise showed
excellent performance. Furthermore,
many studies validating ABCD were con-
ducted by the same authors who devel-
oped the ABCD model and included
patient cohorts similar to the derivation
population, raising the possibility of bias
based on population selection. It was
therefore not possible to determine
whether one model was better than the
other.

Remission of diabetes is an important
outcome for patients considering bariat-
ric surgery. A project by Diabetes UK,
led by patients with type 2 diabetes
and their carers, identified diabetes
cure or reversal as a top research prior-
ity (66). With the increasing number of
patients with obesity and type 2 diabe-
tes now being offered bariatric surgery,
it is important to identify those who are
more likely to achieve remission. This

will enable patients and health care
professionals to make informed choices
when considering different treatment
options. However, given the wide choice
of prediction models currently available,
it is difficult to identify the ones that
best predict remission and are easy to
use in routine clinical practice.

The models identified in our review
had certain common characteristics in
relation to the predictors included and
the duration of follow-up, which for
most studies was 12 months. On the
other hand, there was considerable het-
erogeneity in the definition of diabetes
remission, cohort size, and populations
studied, including types of bariatric sur-
gery, thereby adding to the difficulty in
comparing these models. We found sig-
nificant variation in the threshold for
HbA1c used to define diabetes remis-
sion, with cutoffs ranging from 5.7 to
6.5% (39 to 48 mmol/mol), and with
some studies using a combination of par-
tial and complete remission. However, in
this review, we found that the definition
did not affect the performance of the
prediction models significantly.

Duration of diabetes remission is an
important consideration in assessment of
the benefits of bariatric surgery in
patients with type 2 diabetes. In our
review, we observed that 13 of 16 model
development studies were designed with
the aim of predicting diabetes remission
at 1 year, thus underscoring the need for
longer follow-up of cohorts (18). The rate
of diabetes remission has been inversely
associated with diabetes duration and
has been noted to be greatest in patients
with shorter diabetes duration (12,67).
Moreover, diabetes remission is highest
during the first year following the inter-
vention and declines over subsequent
years and with longer follow-up (7–9). In
the prospective Swedish Obese Subjects
(SOS) study, with follow-up of >18 years,
the incidence of diabetes remission was
72.3% at 2 years, 38.1% at 10 years, and
30.4% at 15 years (68). In a randomized
controlled trial with 5 years’ follow-up,
findings indicated diabetes relapse in 53%
of patients in the RYGB group and 37% in
the biliopancreatic diversion group among
patients who achieved diabetes remission
at 2 years’ follow-up (9). Similar results
were reported in a retrospective multisite
study from the U.S. with 5 years’ follow-
up (69). These findings suggest that diabe-
tes may relapse over time and that in a

high proportion of patients, remission of
diabetes may only be achieved for a short
term. Despite this, short-term diabetes
remission may offer huge clinical and
financial benefits to patients and health
care systems. Besides the benefit of
reduction in the incidence of micro- and
macrovascular diabetes–related complica-
tions, short-term diabetes remission,
through freedom from diabetes medica-
tions and reduced need for monitoring,
may motivate patients to maintain weight
loss and enhance their quality of life.

Future studies should therefore include
a uniform and agreed definition of diabe-
tes remission and a longer follow-up
period to determine the effects of bariat-
ric surgery on long-term diabetes remis-
sion. This is particularly important when
considering the cost-effectiveness of bar-
iatric surgery.

The outcomes of bariatric surgery such
as weight loss and long-term metabolic
benefit vary with the type of bariatric
procedure (5,70,71). A network meta-
analysis showed that the probability of
achieving diabetes remission was greatest
in mini–gastric bypass (91.2%), followed
by biliopancreatic diversion without duo-
denal switch (87.3%), laparoscopic SG
(61.4%), RYGB (59.3%), gastric banding
(29.6%), and then great curvature plica-
tion (18.6%) (71). Despite this, none of
the prediction models included the type
of surgery as a predictor. However, when
we analyzed the performance of predic-
tion models in RYGB and SG separately,
we found no major differences between
the two procedures. With many new bar-
iatric procedures becoming available,
there is a need to develop and validate
the models across the various bariatric
procedures.

The indication for bariatric surgery in
patients with BMI <35 kg/m2 is conten-
tious, and currently none of the guide-
lines recommend bariatric surgery in
nonobese individuals. In a recent system-
atic review and meta-analysis Ji et al. (72)
evaluated 12 studies examining the
impact of bariatric surgery in patients
with type 2 diabetes and BMI <30 kg/m2

over a follow-up period ranging from 6
months to 3 years. They found a 1.58%
(�16 mmol/mol) reduction in HbA1c at 2
years using a random-effects model (72).
However, investigators of other studies
comparing the impact of bariatric surgery
in populations with and without obesity
observed that surgery in a population
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without obesity is a less effective tool for
diabetes management (73). We found
two studies—a model development study
by Ugale et al. (33) and the validation
study of Lee et al. (46)—with a focus on
cohorts with mean BMI #30 kg/m2;
Ugale et al. did not provide model dis-
crimination, and Lee et al. found accept-
able discrimination in this normal weight
population. Based on available data, it is
difficult to assess the performance of pre-
diction models in those with low BMI.
The impact of BMI on the performance
of the prediction models is important and
requires further study.
Susceptibility to type 2 diabetes is

known to vary among people of different
ethnicities, and it is likely that these dif-
ferences may extend to remission of dia-
betes following bariatric surgery. In the
studies included in our review, the test
cohort for DiaRem was 98% Caucasian,
while for ABCD, the participants were
from five Asian clinics. We identified one
validation study where Wood et al. (60),
validating the DiaRem score in a White
and Hispanic population, noted an AUC
of 0.84 (0.80–0.88) and 0.79 (0.71–0.86)
in White and Hispanic patients, respec-
tively. A meta-analysis including 14 stud-
ies showed greater weight loss in
Caucasians compared with African Ameri-
cans, but no difference was noted in the
outcome of diabetes remission between
these two ethnic groups (74,75). None of
the prediction models identified ethnicity
as a predictor, and data on direct compar-
isons between ethnic groups were limited
to the above-mentioned studies. We
were therefore unable to explore any
possible differences between ethnicity
and incidence of diabetes remission
post–bariatric surgery.
Five of the models, including two scor-

ing systems, ABCD (16) and DRS (33), and
three logistic regression models, of Dixon
et al. (13), Ramos-Levi et al. (41), and
Cotillard et al. (42), included C-peptide
levels (13,16,33,41,42) as one of the
predictors. C-peptide can be measured
as urinary C-peptide, urinary C-pepti-
de–to–creatinine ratio, or venous blood
C-peptide levels measured as random,
fasting, or in a stimulated state (glucagon
stimulation test, mixed-meal tolerance
test) (76). These factors may pose difficul-
ties in standardization and can present as
a limitation in using certain scoring sys-
tems that have C-peptide as one of the
predictors. Moreover, C-peptide is not

measured routinely in the diagnosis or
management of type 2 diabetes in most
clinical settings. Prediction models using
C-peptide, therefore, cannot be widely
used by primary care physicians or in the
early stages of weight management con-
sultation. Models such as DiaRem and
Ad-DiaRem that focus predominantly on
routinely measured clinical parameters
may therefore have greater applicability
across a wider range of clinical settings. If
C-peptide is available, however, ABCD
(16) is a reliable prediction model with a
similar predictive performance and has
the advantage of being validated in differ-
ent bariatric procedures and for long-
term diabetes remission (49,59,62). 5y-DR
(37) included postoperative number of
glucose-lowering medications, fasting cap-
illary blood glucose, weight loss, and 1-
year remission to predict long-term dia-
betes remission. Postoperative parame-
ters will not be available in the clinical
consultation setting for bariatric surgery,
and, hence, use of this prediction model
is limited.

Treatment with insulin has been used
in many models as a predictor. Patient
preference for noninsulin treatments and
therapeutic inertia are recognized causes
for delay in treatment with insulin (77). In
instances where insulin treatment is
delayed, treatment with insulin as a pre-
dictor can overestimate the chances of
remission. Conversely, if insulin is initiated
early, the possibility of diabetes remission
may be underestimated.

The inconsistency in calibration
scores with existing models either
overestimating or underestimating the
observed remission rates suggests that
there are other variables that could
influence remission. The utility of the
prediction models largely depends on
the clinical setting and resources avail-
able. The choice of a model used to
predict remission must therefore be
tailored to these factors.

Strengths and Limitations
We believe our study is the first system-
atic review summarizing prediction model
performance for diabetes remission in
patients undergoing bariatric surgery. We
calculated the discrimination score (AUC)
for the studies where data were available
and where AUC was not reported by the
authors themselves.

While the robust search strategy used
in this review is a strength of our study,
there are certain limitations: we restricted
our search to articles published in English
and published in the last 15 years. We
were also unable to contact the authors
for further information regarding the per-
formance of prediction models, where
pertinent information was not available.
It is possible that some relevant articles
were not included in the review and
meta-analysis. However, not many predic-
tion models were available before our
search date and the likely impact of this
on our findings would be minimal.

While the key messages were consis-
tent, a large proportion of the studies
were conducted in small cohorts of
patients with short duration of follow-
up. In the majority of external validation
studies routinely collected data were
used; consequently, follow-up data were
not available for all patients who under-
went bariatric surgery. While the studies
had predefined inclusion and exclusion
criteria for participants, with complete
data at 1 year of follow-up for those
included, there remains a possibility of
selection bias due to lack on information
on patients lost to follow-up in the rou-
tinely collected source data. Validation
studies in large cohorts with longer fol-
low-up are therefore needed to over-
come these limitations.

Conclusion
This systematic review identified 16 pre-
diction models, with DiaRem (17) and
ABCD (16) as the two most widely vali-
dated models to predict diabetes remis-
sion following bariatric surgery. Newer
models published in the last 3–4 years
showed promising results in test cohorts,
but there is a limited number of external
validation studies. More external valida-
tion studies are needed for assessing the
performance and clinical applicability of
the new prediction models. Future stud-
ies should also examine these models in
real-world clinical settings to assess the
impact on patient outcomes.
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