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ARTICLE HIGHLIGHTS

• We undertook this study because it is unclear whether conventional lifestyle interventions could reduce diabetes
incidence in all three glucose-defined prediabetes phenotypes.

• We specifically sought to answer the question of whether the effect of conventional lifestyle interventions on dia-
betes incidence differs by prediabetes phenotype.

• We found that diabetes incidence was reduced significantly in individuals with impaired glucose tolerance (with
or without impaired fasting glucose) but not in those with isolated impaired fasting glucose.

• The implications of our findings are that there is a need for precision prevention of type 2 diabetes.
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OBJECTIVE

To examine whether the effect of conventional lifestyle interventions on type 2
diabetes incidence differs by glucose-defined prediabetes phenotype.

RESEARCH DESIGN AND METHODS

We searched multiple databases until 1 April 2023 for randomized controlled tri-
als that recruited people with isolated impaired fasting glucose (i-IFG), isolated
impaired glucose tolerance (i-IGT), and impaired fasting glucose plus impaired
glucose tolerance (IFG+IGT). Individual participant data were pooled from rele-
vant trials and analyzed through random-effects models with use of the within-
trial interactions approach.

RESULTS

Four trials with 2,794 participants (mean age 53.0 years, 60.7% men) were included:
1,240 (44.4%), 796 (28.5%), and 758 (27.1%) had i-IFG, i-IGT, and IFG+IGT, respec-
tively. After a median of 2.5 years, the pooled hazard ratio for diabetes incidence in
i-IFG was 0.97 (95% CI 0.66, 1.44), i-IGT 0.65 (0.44, 0.96), and IFG+IGT 0.51 (0.38,
0.68; Pinteraction = 0.01).

CONCLUSIONS

Conventional lifestyle interventions reduced diabetes incidence in people with IGT
(with or without IFG) but not in those with i-IFG.

Conventional lifestyle interventions incorporating behavioral counseling to change diet
and physical activity reduce type 2 diabetes incidence in people with prediabetes (1).
It remains unclear, however, whether they are effective in all three glucose-defined
prediabetes phenotypes, including isolated impaired fasting glucose (i-IFG), isolated
impaired glucose tolerance (i-IGT), and impaired fasting glucose plus impaired glucose
tolerance (IFG1IGT) (2). In this systematic review and individual participant data (IPD)
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meta-analysis, we examined whether the
effect of conventional lifestyle interven-
tions on diabetes incidence differs by glu-
cose-defined prediabetes phenotype.

RESEARCH DESIGN AND METHODS

We followed standard guidelines for
the conduct and reporting of this study
(Supplementary Table 1) (3,4), which is
registered with International prospective
register of systematic reviews (PROSPERO)
(no. CRD42020197356).

Search Strategies and Eligibility
Criteria
We searched MEDLINE, Cochrane Central
Register of Controlled Trials (CENTRAL),
Embase, Scopus, and ClinicalTrials.gov from
inception to 1 April 2023 using the search
strategies given in Supplementary Table 2.
No language restrictions were applied. We
considered randomized controlled trials
(RCTs) satisfying the eligibility criteria:
1) recruiting of adults ($18 years) with
i-IFG, with i-IGT, and with IFG1IGT, de-
fined based on the American Diabetes
Association (ADA) (5) or World Health Or-
ganization (WHO) (6) criteria, and 2) eval-
uation of the effect of conventional dietary or
physical activity interventionsondiabetes inci-
dence (fasting plasma glucose $126 mg/dL,
2-h plasma glucose $200 mg/dL, or taking
antidiabetes medications) (5) in comparison
with a control group (usual care or mini-
mal intervention). Conventional lifestyle
interventions are similar to or based on
the interventions tested in landmark life-
style RCTs for diabetes prevention (1,7).
We excluded studies reporting exclusively
pharmaceutical or surgical interventions.

Data Sharing
We contacted principal investigators (PIs)
of eligible studies to obtain IPD that are
relevant for this study. The PIs had ethics
approval to share their study data. Af-
ter signing data-sharing agreements,
de-identified IPD were obtained and
checked for accuracy, consistency, and
completeness.

Risk of Bias and Certainty of the
Evidence Assessment
The Cochrane risk-of-bias tool, version 2
(RoB 2), was used to assess the bias in
each study (8), and the Grading of Recom-
mendations Assessment, Development and
Evaluation (GRADE) framework was used
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to determine the certainty of the evi-
dence (9).
Two reviewers (T.S. and R.B) indepen-

dently screened study titles, abstracts,
and full texts; extracted study-level data
from published articles; and performed
the risk of bias and GRADE assessments,
with disagreements resolved by discus-
sion or by a third author (R.J.T).

Statistical Analyses
Analyses were done per the intention-to-
treat principle (3).We pooled the incidence
rates of diabetes (per 1,000 person-years)
across studies using the random-effects
DerSimonian-Laird models (3). Cox regres-
sion was used to estimate hazard ratios
(HRs) (and 95% CIs) for diabetes incidence
in individually randomized trials, and shared
frailty models (10) were used in cluster-
randomized trials to account for the correla-
tion of observations within clusters.We con-
ducted a two-stage IPD meta-analysis (3).
Firstly, we analyzed the IPD of each study
separately to obtain relevant aggregate data
(HRs and 95% CIs). If no IPD were available
for a study, we used the effect estimates
from the published article. Secondly, we
pooled these aggregate estimates using
random-effects models (3). Effect modifi-
cation by prediabetes phenotype was as-
sessed with addition of an interaction
term between the phenotype and the
treatment group in each study sepa-
rately. If only aggregate data were avail-
able for a study, we used the HRs (and
95% CIs) from the published article to es-
timate the interaction HR (and 95% CI)
using the equation developed by Riley
and Fisher (11) (Supplementary Table 3).
The interaction estimates were then pooled
with use of random-effects models (3). The

proportion of variability in effect estimates
due to between-study heterogeneity was
quantified with I2 (3). We did not assess
publication bias, as the number of in-
cluded studies was<10 (3).We conducted
sensitivity analyses to assess the robust-
ness of our results. In the Diabetes Com-
munity Lifestyle Improvement Program
(D-CLIP), 72.2%, 48.2%, and 75.5% of inter-
vention participants with i-IFG, with i-IGT,
and with IFG1IGT, respectively, required
metformin (500 mg twice daily), in addi-
tion to undergoing lifestyle interventions,
at 4 months or later (12). So, in D-CLIP, we
adjusted for metformin use (yes or no) in
Cox models. In addition, we imputed miss-
ing outcome data (varied from 0 to 9.1%
across studies) using multiple imputation
(13) (Supplementary Table 4). Analyses
were performed in Stata software.

Data and Resource Availability
Data-sharing agreements with PIs of the
individual studies restrict further dissemi-
nation of data to third parties.

RESULTS

A total of 3,678 articles were identified
through our systematic search, among
which four studies met our eligibility crite-
ria and were included in this meta-analysis
(Supplementary Fig. 1).

Table 1 shows the characteristics of in-
cluded studies. We obtained the IPD of
three studies: Kerala Diabetes Prevention
Program (K-DPP) (14) and D-CLIP (12)
from India and Let’s Prevent Diabetes
from the U.K. (15). IPD of the Zensharen
Study for Prevention of Lifestyle Diseases
(ZSPLD) from Japan (16) were unavailable
because the organization that conducted

this study no longer exists. K-DPP and
D-CLIP were conducted in the community
(12,14), whereas Let’s Prevent Diabetes
and ZSPLD were done in clinical settings
(15,16). In all four studies behavior change
counseling was implemented for achieve-
ment of diet and physical activity modifica-
tion, lasting 0.5–3.0 years.

A total of 2,794 participants (mean age
53.0 years, 60.7% men) were included in
the meta-analysis: 1,240 (44.4%), 796
(28.5%), and 758 (27.1%) had i-IFG, i-IGT,
and IFG1IGT, respectively. The overall
pooled incidence rate of diabetes was
highest in the IFG1IGT group, followed
by the i-IGT and i-IFG groups (Table 2). Af-
ter a median of 2.5 years (interquartile
range 2.3, 2.8), the pooled HR for diabe-
tes incidence in i-IFG was 0.97 (95% CI
0.66, 1.44; I2 = 0), i-IGT 0.65 (0.44, 0.96;
I2 = 0), and IFG1IGT 0.51 (0.38, 0.68;
I2 = 0) (Pinteraction = 0.01) (Fig. 1 and
Supplementary Fig. 2). The main results
were not materially altered in sensitivity
analyses (Supplementary Tables 4 and 5).
The risk of bias was low in all four studies
(Supplementary Fig. 3), and the certainty of
the evidencewasmoderate (Supplementary
Table 6). There are minor discrepancies in
effect estimates between the original ar-
ticles (12,14–16) and the current study,
the reasons for which are explained in
Supplementary Table 7.

CONCLUSIONS

The findings of this systematic review and
meta-analysis show that the effect of con-
ventional lifestyle interventions on type 2
diabetes incidence varies among predia-
betes phenotypes, with a significant risk

Table 2—Pooled incidence rate of diabetes across studies by prediabetes phenotype

Prediabetes phenotype Study arm No. of participants No. of events IR (95% CI) per 1,000 person-years

i-IFG Total 1,240 161 54.77 (20.34, 89.20)

Control arm 634 83 55.47 (16.40, 94.53)

Intervention arm 606 78 53.13 (21.98, 84.28)

i-IGT Total 796 105 65.21 (19.96, 110.45)

Control arm 405 58 72.16 (14.71, 129.60)

Intervention arm 391 47 49.17 (20.28, 78.05)

IFG1IGT Total 758 250 147.01 (93.07, 200.95)

Control arm 373 149 180.46 (113.84, 247.09)

Intervention arm 385 101 107.02 (63.22, 150.82)

IR, incidence rate; CI, confidence interval; i-IFG, isolated impaired fasting glucose; i-IGT, isolated impaired glucose tolerance; IFG1IGT, im-
paired fasting glucose plus impaired glucose tolerance.
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reduction in people with i-IGT and with
IFG1IGT but not in those with i-IFG.

These differences in risk reduction could
be attributed mainly to the variations in
the pathophysiological abnormalities be-
tween prediabetes phenotypes (17). Peo-
ple with i-IFG have decreased early-phase
insulin secretion and increased hepatic in-
sulin resistance, whereas i-IGT is charac-
terized by reduced early- and late-phase
insulin secretion and elevated skeletal

muscle insulin resistance and IFG1IGT in-
cludes a combination of defects seen in i-
IFG and i-IGT (17). These pathophysiologi-
cal abnormalities that differentiate indi-
viduals with IGT and i-IFG might mean
that different therapeutic interventions
are likely required to prevent progression
to diabetes (2,17).

People with i-IFG constitute a substan-
tial proportion of the global prediabetes
population. A recent meta-analysis of

14 studies with 27,112 individuals with
prediabetes found that the propor-
tional prevalence of i-IFG (ADA criteria)
was 58% in Caucasians and 48% in
Asians (18). The proportional prevalence
of i-IFG among adults in India was much
higher (84% with ADA criteria), as reported
in a nationwide study (19). In addition to its
high prevalence, i-IFG increases the risk of
developing diabetes four- to sixfold in com-
parison with normoglycemia (20) and is a

Figure 1—Forest plot for the effect of conventional lifestyle interventions on type 2 diabetes incidence by prediabetes phenotype. Con, control;
Int, intervention; i-IFG, isolated impaired fasting glucose; i-IGT, isolated impaired glucose tolerance; IFG1IGT, impaired fasting glucose plus im-
paired glucose tolerance. n refers to the number of events, and N refers to the sample size.
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high-risk state for cardiovascular disease
and all-cause mortality (2). Thus, more re-
search is required to identify effective in-
terventions for this large group at high
risk. Some promising strategies include a
low-calorie diet (�1,200 kcal/day) or high-
intensity interval training, as they have
been shown to normalize fasting plasma
glucose and reverse the pathophysiology
in people with type 2 diabetes (2).
The strengths of this analysis included

the ability to obtain IPD, permitting stan-
dardization of the effect measure and
outcome definition across studies, and
imputation of missing outcome data. We
used the “within-trial interactions” ap-
proach to assess the differences in the in-
tervention effect between prediabetes
phenotypes, thereby eliminating aggrega-
tion bias (3). However, the analyses are
post hoc and observational, so the results
should be considered hypothesis generat-
ing. We combined studies with i-IFG de-
fined based on the ADA (three studies) or
WHO (one study) criteria for the meta-
analysis. However, this did not affect our
results, as the pooled HRs for i-IFG de-
fined only according to ADA criteria and
WHO criteria were similar (1.01 vs. 0.96,
respectively), and they were also similar
to the pooled HR in Fig. 1 (0.97). Further,
the meta-analysis is constrained by a
small number of studies, the majority of
which were conducted among Asian Indi-
ans or Japanese, and so the effect of life-
style interventions in i-IFG may be different
for other ethnicities. Finally, there is a possi-
bility of confirmation bias based on find-
ings from the individual studies included in
the systematic review. However, the meta-
analysis mitigated any substantial risk from
this bias.
In conclusion, conventional lifestyle in-

terventions significantly reduced type 2
diabetes incidence in people with IGT
(with or without IFG) but not in those
with i-IFG. Further confirmation and ef-
forts to lower diabetes incidence in peo-
ple with i-IFG are needed.
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