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Abstract

Background The variability in the effectiveness of type 2 diabetes (T2D) preventive inter-
ventions highlights the potential to identify the factors that determine treatment responses
and those that would benefit the most from a given intervention. We conducted a systematic
review to synthesize the evidence to support whether sociodemographic, clinical, behavioral,
and molecular factors modify the efficacy of dietary or lifestyle interventions to prevent T2D.
Methods We searched MEDLINE, Embase, and Cochrane databases for studies reporting on
the effect of a lifestyle, dietary pattern, or dietary supplement interventions on the incidence
of T2D and reporting the results stratified by any effect modifier. We extracted relevant
statistical findings and qualitatively synthesized the evidence for each modifier based on the
direction of findings reported in available studies. We used the Diabetes Canada Clinical
Practice Scale to assess the certainty of the evidence for a given effect modifier.

Results The 81 publications that met our criteria for inclusion are from 33 unique trials. The
evidence is low to very low to attribute variability in intervention effectiveness to individual
characteristics such as age, sex, BMI, race/ethnicity, socioeconomic status, baseline beha-
vioral factors, or genetic predisposition.

Conclusions We report evidence, albeit low certainty, that those with poorer health status,
particularly those with prediabetes at baseline, tend to benefit more from T2D prevention
strategies compared to healthier counterparts. Our synthesis highlights the need for pur-
posefully designed clinical trials to inform whether individual factors influence the success of
T2D prevention strategies.

6,19,203

Plain language summary

Clinical trials to prevent development
of type 2 diabetes (T2D) that test
dietary and lifestyle interventions
have resulted in different results for
different study participants. We
hypothesized that the differing
responses could be because of dif-
ferent personal, social and inherited
factors. We searched different data-
bases containing details of published
research studies investigating this to
look at the effect of these factors on
prevention of the development of
T2D. We found a small amount of
evidence suggesting that those with
poorer health, particularly those with
a higher amount of sugar in their
blood, tend to benefit more from T2D
prevention strategies compared to
healthier counterparts. Our results
suggest that further clinical trials that
are designed to examine the effect of
personal and social factors on inter-
ventions for T2D prevention are
to better
impact of these factors on the suc-
cess of diet and lifestyle interventions
for T2D.

needed determine the
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Around 90% of all diabetes is estimated to be type 2

diabetes (T2D), a non-autoimmune condition with
marked pathophysiological heterogeneity?. In many cases, diet
and physical activity interventions targeted at bodyweight
reduction or preventing weight gain have demonstrated to delay
progression3-®, yet T2D remains a major cause of morbidity and
mortality globally”. Chronic inadequate control of hyperglycemia
causes downstream microvascular and macrovascular complica-
tions that drive the costly and debilitating T2D public health
burden’. Coupled with its increasing incidence, public health and
clinical efforts need to optimize effective upstream strategies for
T2D prevention.

Landmark randomized intervention trials have demonstrated
the effectiveness of intensive lifestyle interventions and glucose-
lowering drug therapies for delaying the onset of T2D in patients
at high risk3-%. However, T2D incidence has only escalated in the
decades since, despite the success of early clinical trials. Thus,
implementation strategies for diabetes prevention in the real-
world setting involving more practical ways of identifying high-
risk individuals and precision prevention research may contribute
to understanding this gap®.

Precision prevention of T2D serves to minimize an individual’s
T2D risk factor profile and maximize the effectiveness of new or
established strategies for disease prevention through targeting
biological interactions and/or removing barriers to access and
adherence to lifestyle modification®. For example, precision pre-
vention approaches might use clinical (e.g., age, sex, body mass
index [BMI]), social (e.g., education attainment, socioeconomic
status), or molecular (e.g., genetic, ‘omic’ traits) characteristics to
inform strategies likely to elicit the most effective or sustainable
response for an individual, resulting in tailored prevention
strategies”~11.

The purpose of this systematic review is to critically appraise
the accumulated experimental evidence underpinning the feasi-
bility and effectiveness of the clinical translation of precision
prevention of T2D. The scope of our investigation included stu-
dies reporting the effect modification of lifestyle and dietary
interventions for T2D prevention by any of the following
individual-level factors, including sociodemographics, clinical risk
factors, behavior, or molecular traits. This work was undertaken
as part of a series of systematic reviews conducted by the ADA/
EASD Precision Medicine in Diabetes Initiative!?, an interna-
tional collaboration of global leaders in precision diabetes
medicine!3.

Through this systematic review, we found low certainty evi-
dence that those with poorer health status, particularly those with
prediabetes at baseline, tend to benefit more from T2D preven-
tion strategies compared to healthier counterparts. Clinical trials
specifically designed to inform whether individual factors influ-
ence the success of T2D prevention strategies are needed in the
future.

D iabetes affects over 530 million people worldwidel.

Methods

The systematic review protocol was pre-registered on the Inter-
national Prospective Register of Systematic Reviews (PROSPERO;
CRD42021267686).

Data sources and search. Our search included MEDLINE,
Embase, and Cochrane Central Register of Controlled Trials
databases for studies reporting on the efficacy of lifestyle or
behavioral interventions with T2D incidence, published from 1/1/
2000 to 7/15/2021. Lifestyle interventions were defined as inter-
ventions ranging from interventions on single behavioral factors
including diet, physical activity, smoking, and body weight loss, to

multi-component modification programs focused on different
behavioral components. An experienced librarian developed a
search strategy (Supplementary Note 1), which included combi-
nations of keywords related to lifestyle intervention for prevent-
ing T2D (diet, lifestyle, physical activity, body weight), study
design, and health outcome, and was limited to the English lan-
guage. We also scanned the references of included manuscripts
and the reference list of systematic reviews published within the
past 2 years to identify additional relevant studies.

Study selection. We included studies reporting the effect of a
lifestyle, dietary pattern, or dietary supplement interventions vs.
other active comparators or control on the incidence of T2D and
reporting the results stratified by any eligible factor. Lifestyle
interventions included either single-component (exercise, smok-
ing, education through text messaging to the mobile phone, etc)
or multi-component modification programs involving weight loss
through diet or supplementation, physical activity, awareness
education etc. Eligible stratification factors, or effect modifiers,
included individual-level sociodemographic (ie., race/ethnicity,
socioeconomic status/education, location, age, sex), clinical fac-
tors (i.e., BMI, dysglycemia, presence of comorbidities), beha-
vioral (i.e., baseline diet, physical activity) or molecular traits (i.e.,
genetics, metabolites). We did not review population-level
exposures such as built environment, pollution, or climate. Off-
label pharmaceutical interventions and bariatric surgery were
beyond the scope of the review. We limited inclusion to studies in
adults aged >18 years and enrolling at least 100. We included
non-randomized and randomized clinical studies delivering an
eligible intervention, comparing against another active interven-
tion, usual care, placebo control, or non-control group. The
majority of studies (N=76 or 94%) included in this review are
RCTs to examine the effect on the intervention on T2D incidence.
However, as our focus is on the modification of the intervention
effect by sociodemographic, clinical, behavioral and molecular
factors, none of these trials can be considered randomized for the
purpose of this review, as the randomization block is not con-
served. Studies exclusively among individuals with a current or
history of gestational diabetes were excluded because they over-
lapped in scope with another PMDI consortium review.

Screening, data extraction, and quality assessment. We used the
Covidence online systematic review platform!# for literature
screening, data extraction, and consensus. Screening consisted of
two stages: (1) title and abstract and (2) full text. At each
screening stage, two independent reviewers determined the elig-
ibility of the citation, and in the case of disagreement, a third
reviewer resolved the discrepancy. Among the full papers
accepted for inclusion in the review, two independent reviewers
extracted detailed information on the study design, participant
characteristics, interventions, comparators, effect modifiers,
follow-up for T2D, and analytic approach. We extracted findings
related to the effect modification of treatment vs. comparator on
T2D risk, including strata-specific treatment groups’ T2D cases
and incidence rates, or strata-specific treatment-comparator
incidence rate ratios, relative risks, risk differences, etc., including
measures of variance. We also extracted data on different avail-
able measurements for the interaction of the effect modifier with
the intervention effect on T2D, including interaction term esti-
mates, interaction term p-value, stratified estimates, heterogeneity
test and noted any text referring to tests performed with “data not
shown”. We developed and piloted the data extraction template
(Supplementary Table 1), and discrepancies were ruled on by a
third reviewer. The relevant statistical results extracted for each
effect modifier has been provided as Supplementary Data 1.
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We evaluated the studies’ risk of bias using a modified JBI
Critical Appraisal Checklist for randomized controlled trials!>,
performed by two independent reviewers and disagreements
resolved by a third reviewer. We modified the 13-item checklist to
9 questions tailored to evaluating the quality of the study design
but with consideration for our primary interest in stratified
results rather than the total intervention effect for T2D risk.
These 9 questions were mainly based on randomization,
interventions, treatment, and assessor blindness to outcome
assessment. Our evaluation corresponded to color coding in a
heat map organized by intervention type and effect modifier
(Supplementary Fig. 1).

Synthesis of results. We collated the literature according to
intervention type as lifestyle intervention programs (single or
multi-component), dietary pattern interventions (involving
modifications in diet only), or supplement intervention and effect
modifier analyzed (e.g., sex, age strata) to synthesize results. We
determined that a meta-analysis was not feasible among the
studies included in our review due to paucity and marked dif-
ferences in the nature of the study populations, interventions and
comparators, study designs, and effect modifiers analyzed. We
qualitatively evaluated the direction and magnitude of results and
statistical tests among each prevention strategy for each effect
modifier. We weighed these qualitative and quantitative results
against their risk of bias. We qualitatively synthesized the evi-
dence for each modifier based on the direction of findings
reported in available studies. We used the Diabetes Canada
Clinical Practice Scale to assess the certainty of the evidence for a
given effect modifier!®. A level of evidence was assigned following
the approach and criteria described in Supplementary Table 2.
For example, higher levels were assigned if the study was a sys-
tematic overview or meta-analysis of high-quality RCTs or an
appropriately designed RCT with adequate power to answer the
question posed by the investigators. Then, each recommendation
was assigned a grade from A to D. Two reviewers independently

assessed the certainty of the evidence and resolved disagreements
through consensus discussion.

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

Results

The results of our systematic literature search are presented in the
Fig. 1 PRISMA flow diagram. Of the 10,880 citations identified
through database searches and other sources, 1047 abstracts were
retrieved for full-text review. From these, 81 publications met our
inclusion criteria, and data were extracted.

Study characteristics. The 81 publications included in our review
represented 33 unique intervention studies (Table 1 and Sup-
plementary Table 3). Twenty-eight studies were randomized
clinical trials (RCTs), three were nonrandomized parallel group
trials, and two were single-arm clinical interventions. Fourteen
intervention studies took place in Asia, 11 in Europe, seven in
North America, and one was a multicenter study that took place
in Asia and Europe. Intervention enrollment sample sizes ranged
from 302 to 48,835 participants (Table 1). Twenty-two studies
included individuals at high risk for T2D, two studies at increased
cardiovascular risk, and other studies included the general
population or other specific groups. The active intervention times
ranged from one lifestyle counseling visit to active interventions
lasting up to 10 years (Supplementary Fig. 2).

Twenty-four of the included studies assessed the effect of a
multi-component lifestyle intervention program focused on
changes in diet, physical activity, smoking, or body weight loss.
Four studies implemented a dietary intervention, and five
administered supplements. Across multi-component lifestyle
intervention studies, the comparator consisted of a less intensive
lifestyle program consisting of usual care or general lifestyle
advice administered at baseline. Active comparator groups for

Studies removed before screening:

Studies identified from databases
(n =19407)

Duplicate studies removed (n = 8527)

Studies marked as ineligible by automation

Identification

l

tools (n = 0)
Studies removed for other reasons (n = 0)

Studies screened (abstracts)
(n =10880)

| Studies excluded (n = 9833) \

l

Studies assessed for eligibility (full-text)
(n=1047)

Screening

—| Studies excluded (n = 969) |

Reasons for exclusion

No intervention (n = 536)

Not high risk, no stratified results (n = 234)
No exposures of interest (n = 103)

No incident T2D (n = 41)

Studies found eligible
(n=178)

Review, meta-analysis (n = 21)
Pediatric <20 y/o (n = 12)

Studies identified
by manual
searching of
systematic
reviews (n = 3)

Included

Not English (n = 6)

Prevalent T2D (n = 6)
Retrospective (n = 3)

<100 participants (n = 2)
Commentary, editorial, other (n = 2)
Not humans (n = 1)

Pediatric <18 yo (n = 1)

Pediatric <2yo (n = 1)

Studies included in review
(n=281)

Studies ongoing (n = 0)

Studies awaiting classification (n = 0)

Fig. 1 PRISMA flow diagram. Stepwise screening stages adapted for selecting the studies of interest using Covidence software. Screening at all stages was

done by two independent reviewers, and a third reviewer resolved conflicts.
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T2D preventive strategies

Table 2 Efficacy of T2D preventive interventions according to sociodemographic effect modifiers.

Lifestyle intervention

Dietary pattern intervention

Dietary supplements intervention

Modifier Number Effect Certainty Number Effect Certainty Number Effect Certainty
of studies modification? of of studies modification® of of studies modification? of
evidenceb evidenceb evidenceb
Age 12 Yes: 7 studies  Grade D 3 No: 3 studies Grade D 4 Yes: 1 study Grade D
No: 5 studies No: 3 studies
Sex 16 Yes: 1 study Grade D 2 No: 2 studies  Grade D 1 Yes: 1 study Grade D
No: 15 studies
Race/ethnicity 3 No: 3 studies  Grade D 1 No: 1 study Grade D 1 No: 1 study Grade D
Socioeconomic 4 Yes: 1 study Grade D - - - - - -
status/ Education No: 3 studies
Location 2 No: 2 studies Grade D - - - 1 No: 1 study -

aYes/No corresponds to significant/nonsignificant effect modification, as reported in the study.
bCertainty of evidence denotes consistency, Grading based on Diabetes Canada scale A to D.

Overview of the included studies investigating whether sociodemographic factors modify the response to T2D preventive intervention strategies.

dietary intervention studies focused on high-fat diets consisted of
a low-fat intervention. The active comparator for supplement
studies consisted of a placebo intervention. T2D was diagnosed in
person with an oral glucose tolerance test (OGTT) in 27 studies,
whereas in 6 studies, T2D was ascertained via self-report or
through linkage with a healthcare registry database. The primary
endpoint was T2D incidence in 21 studies or a composite
cardiovascular event in six studies (Table 1 and Supplementary
Table 3).

All except seven studies of a multi-component lifestyle
intervention program showed evidence that a lifestyle interven-
tion reduces the risk of T2D, with estimated relative risk
reduction ranging from 60 to 23% (Supplementary Table 3).
Available evidence also suggests that a high-fat diet (Mediterra-
nean pattern diet with extra-virgin olive oil/ mixed nuts or high-
fat diet from olive oil), reduces the relative risk of T2D when
compared to a diet with a lower amount of fat. Evidence from
studies using supplements showed a null effect on T2D risk
reduction.

Our certainty of evidence assessment determined that the
primary study design and approach was generally low, particu-
larly for the RCTSs, owing to randomization methods and uniform
outcome assessment (Supplementary Fig. 1). However, common
concerns for bias were due to non-blinding of participants,
deliverers, and outcomes assessors to treatment assignment.
Nonrandomized interventions and RCTs having additional
concerns for study design did have ratings of high risk of bias.

Sociodemographic and clinical factors. Some clinical trials, such
as the Diabetes Prevention Program (DPP), the Finnish Diabetes
Prevention Study (DPS), or the PREDIMED study, were highly
represented, with 20, 16, and 6 different publications from each
study, respectively. Certainty of evidence to indicate different
effects for sociodemographic and clinical characteristics such as
age, sex, race/ethnicity, socioeconomic status or geographic
location in response to lifestyle intervention was low. Study-
specific numeric estimates for the effect modification are provided
in the extended data file. Evidence from studies investigating
sociodemographic interaction effects in dietary modification or
supplementation trials showed no significant heterogeneity in
response to intervention according to these characteristics
(Table 2 and Fig. 2).

Fourteen studies investigated whether BMI modified the
efficacy of multi-component lifestyle interventions. Nine of these

studies showed that BMI is not associated with different
responses to a lifestyle program, but five studies showed
suggestive evidence that individuals with low BMI could benefit
most from a lifestyle intervention. Four of these five studies
presenting evidence of the differential effect of a lifestyle
intervention according to BMI were conducted in Asia (Table 3).
No appreciable evidence for interactions with BMI was observed
in studies that implemented a dietary or supplement intervention
(Table 3). Eighteen studies tested the efficacy of an intensive
lifestyle intervention for preventing T2D stratified based on
baseline glucose levels, impaired glucose tolerance, or prediabetes
status. Evidence presented in eight of these studies indicated
statistically different effects based on baseline dysglycemia, but
other studies did not find evidence of effect modifications.
Three studies investigated family history of T2D as a potential
lifestyle intervention effect modifier, and only one provided
suggestive evidence of heterogenous treatment responses. Studies
stratified by baseline cardiometabolic risk factors reported that
individuals with poorer health status, particularly those with
dyslipidemia and metabolic syndrome, tend to benefit more from
dietary or supplement interventions than healthier individuals
(Table 3).

Behavioral factors. Several secondary studies have assessed
whether baseline lifestyle factors (i.e., overall dietary quality,
alcohol intake, physical activity, and/or smoking) influence the
efficacy of T2D prevention interventions. Evidence presented in
studies investigating the effect of a lifestyle intervention according
to baseline smoking status and physical activity indicates statis-
tically different effects, suggesting that smokers and those with
lower physical activity levels benefited less from a lifestyle pro-
gram (Table 4). Available studies reported no interactions of
baseline smoking status and physical activity levels with dietary or
supplement interventions on the risk of T2D. Among the four
studies that focused on alcohol intake, only one found that the
lifestyle intervention was more effective in individuals who drink
alcohol frequently than in those who rarely drink. Six studies
tested whether baseline diet modified the association between
supplements and the risk of T2D and found no evidence of sig-
nificant interactions (Table 4).

Molecular factors. The extent to which genetic predisposition
modifies the efficacy of interventions to prevent T2D was
reported in 22 publications. Most of them were based on data
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from the DPP and the DPS. Genetic predisposition was defined
based on single genetic variants in 17 studies or genetic risk scores
in five. While many of the T2D-associated loci identified in the
earlier GWAS studies have been examined for their potential
roles as effect modifiers, some reported evidence that individuals
with specific genotypes could benefit the most from a lifestyle
intervention, but these studies rarely corrected for the number of

50000
Number of trial participants

75000 100000

performed tests. Of the five studies that reported on the role of
polygenic scores for T2D, only one study showed that lifestyle
intervention was more effective among individuals with a high
genetic risk.

Besides genetics, other molecular markers such as plasma
branched-chain amino acids and miRNAs have been studied. The
evidence that these molecular features modify the efficacy of
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Fig. 2 Potential effect modifiers of lifestyle, diet, and diet supplements intervention on the incidence of T2D. General overview of potential effect
modifiers of lifestyle (a), dietary (b), and supplement (¢) interventions on the incidence of type 2 diabetes. The Y axes indicate potential effect modifiers,
and the X axes illustrate the total number of trial participants included in the studies investigating each modifier. The proportion of gray or white in each bar
indicates the number of trial participants included in the studies where there was (gray) or was not (white) an effect by the effect modifier. Caution is
warranted because whether an effect modifier did (or did not) have an effect is based on statistical significance from the publication’s summary statistics. It
is improbable that the effect modifier strictly did (or did not) have an effect on every participant included in that publication. The number of trials and trial
participants are plotted because some trials (e.g., DPP) had multiple studies published using the same participants, so that the participant number would be
heavily skewed. There was no instance where the same trial had multiple published studies evaluating the same effect modifier showing different results
(e.g., there was no difference between sexes on the PREDIMED trial's effect on T2D incidence in their primary vs. subgroup studies/publications). The
number at the end of each bar represents the number of trials for each potential effect modifier. *indicates an exception for genetics because the effect
modifiers (SNPs or GRS) were all uniquely distinct but are presented together under the categories of “SNP" or “GRS" here.

Table 3 Efficacy of T2D preventive interventions according to clinical effect modifiers.

T2D preventive strategies

Lifestyle intervention Dietary pattern intervention Dietary supplements intervention

Modifier Number Effect Certainty Number Effect Certainty Number Effect Certainty
of studies modification? of of studies modification® of of studies modification® of
evidence® evidenceP evidenceP

BMI 14 Yes: 5 studies  Grade D 3 No: 3 studies Grade D 4 Yes: 1 study Grade D
No: 9 studies No: 3 studies

Prediabetes 18 Yes: 8 studies  Grade D 1 No: 1 study Grade D 1 No: 1 study Grade D
No: 10 studies

Family history 3 Yes: 1 study Grade D - - 3 Yes: 2 studies  Grade D
No: 2 studies No: 1 study

Dyslipidemia/ 1 No: 1 study Grade D 2 Yes: 2 studies  Grade D 2 Yes: 1 study Grade D

medications No: 1 study

Hypertension - - - 2 Yes: 1 study Grade D 2 No: 2 studies Grade D

No: 1 study

Metabolic - - - 1 Yes: 1 study Grade D 1 No: 1 study Grade D

syndrome

Menopausal - - - - - - 3 No: 3 studies Grade D

status, HRT use

Overview of the included studies investigating whether clinical factors modify the response to T2D preventive intervention strategies.
aYes/No corresponds to significant/nonsignificant effect modification, as reported in the study.
bCertainty of evidence denotes consistency, Grading based on Diabetes Canada scale A to D.

Table 4 Efficacy of T2D preventive interventions according to behavioral effect modifiers.

T2D preventive strategies

Lifestyle intervention Dietary pattern intervention Dietary supplements intervention

Modifier Number Effect Certainty of Number Effect Certainty of Number Effect Certainty of
of studies modification®  evidence? of studies modification®  evidence® of studies modification®  evidence®

Smoking 2 Yes: 2 studies  Grade D 1 No: 1 study Grade D 3 No: 3 studies Grade D

Physical 3 Yes: 2 studies  Grade D 1 No: 1 study Grade D 3 No: 3 studies Grade D

activity No: 1 study

Alcohol intake 1 Yes: 1 study Grade D - - - 3 No: 3 studies Grade D

Diet and - - - 2 No: 2 studies Grade D 6 No: 6 studies Grade D

supplements

Overview of the included studies investigating whether behavioral factors at baseline modify the response to T2D preventive intervention strategies.
aYes/No corresponds to significant/nonsignificant effect modification, as reported in the study.
bCertainty of evidence denotes consistency, Grading based on Diabetes Canada scale A to D.

dietary interventions in the prevention of T2D has only low to
very-low certainty (Table 5 and Fig. 2).

studies included a priori consideration of intervention interac-
tions with individual-level characteristics or risk factors in their
study design, which were largely conducted as post hoc analyses.
As a result, statistical power was often limited. Further, most did

Grading of evidence certainty. Although our systematic review
included intervention studies, most RCTs with low risk of bias,
we evaluated certainty through our hypothesis of identifying valid
effect modifiers to inform precision prevention. None of the

not adjust for individual-level risk factors, undermining the
validity of interpreting effect modifiers’ role independent of other
traits. These considerations were factored into the major down-
grading of the evidence (Tables 2-5).
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T2D preventive strategies

Table 5 Efficacy of T2D preventive interventions according to molecular effect modifiers.

Lifestyle intervention

Dietary pattern intervention

Modifier Number of Effect modification® Certainty of Number of Effect modification? Certainty of
studies evidenceb Studies evidenceb
T2D single SNPs 17 Yes: 9 studies Grade D 1 Yes: 1 study Grade D
No: 7 studies
Not reported: 1 study
Diabetes polygenic 5 Yes: 1 study Grade D - - -
score No: 4 studies
Metabolites/miRNA - - - 3 Yes: 3 studies Grade D

aYes/No corresponds to significant/nonsignificant effect modification, as reported in the study.
bCertainty of evidence denotes consistency, Grading based on Diabetes Canada scale A to D.

Overview of the included studies investigating whether genetic and molecular factors at baseline modify the response to T2D preventive intervention strategies.

Discussion

We performed a comprehensive systematic review to identify
individual-level sociodemographic, clinical, behavioral, or mole-
cular factors that could modify the efficacy of T2D prevention
strategies. Overall, we find low to very low certainty of evidence
that traits such as age, sex, BMI, race/ethnicity, socioeconomic
status, baseline lifestyle factors, or genetics consistently and
validly modify the effectiveness of lifestyle and behavioral inter-
ventions. Individuals with prediabetes at baseline benefit slightly
more from prevention interventions than those without pre-
diabetes, but the certainty of the evidence was low. This can be
explained by relative and absolute risk differences among people
with/without prediabetes. However, whether the modest benefit
reported in these studies was due to poor health status or other
correlated risk factors cannot be ascertained based on the avail-
able evidence.

Large randomized clinical trials have consistently demon-
strated that a healthy lifestyle or dietary interventions can prevent
or delay T2D34617 However, there is large inter-individual
variability in response to these preventive interventions, in which
some people seem to greatly benefit from T2D preventive inter-
ventions. Precision prevention aims to identify participant char-
acteristics that determine this variability in response to ultimately
tailor preventive strategies to subgroups of individuals that are
likely to benefit the most. So far, no studies exist that were pro-
spectively designed to determine interactions by a baseline trait or
factor with an intervention to prevent T2D. We evaluated the
evidence base and identified several stratified post hoc analyses of
existing prevention intervention trials. In post hoc analyses, the
participant population is stratified by a potential effect modifier,
and the efficacy of the intervention is tested within each stratum
and compared across the strata, which reduces statistical power
and increases type 2 error.

Furthermore, precision prevention strategies may be optimized
by incorporating several individual-level factors into decision-
making, whereas the current literature predominantly evaluates
one stratified trait at a time. For example, correlated behaviors,
such as physical activity, diet, and smoking, might provide more
information when considered collectively than individually.
Clinical trials specifically designed to investigate the influence of
sociodemographic, clinical, behavioral, or molecular factors on
the response to T2D preventive strategies are needed to generate
valid and robust evidence before the implementation of T2D
precision prevention strategies.

One area of promise warranting further research is the pre-
sence of prediabetes at baseline and whether this may be targeted
in future precision prevention research. Low certainty evidence

suggests that individuals at risk of T2D or with prediabetes at
baseline benefit slightly more from prevention interventions than
those not at risk of T2D3-6. However, the evidence is inconsistent,
even though the studies report that a lifestyle intervention,
compared to standard care, results in higher T2D reduction rates
among studies conducted in Asial’20. Beyond the methodolo-
gical limitations of the available evidence, an additional reason for
inconsistent evidence supporting the greater effectiveness of
lifestyle interventions for the prevention of T2D among indivi-
duals with prediabetes is due to the heterogeneity that char-
acterizes this condition. Prediabetes refers to a pathophysiological
state of early alterations in glucose metabolism that precedes the
development of diabetes. Still, the mechanisms by which glucose
is elevated are very different and could range from those with
primary alterations in insulin secretion pathways to those with
primary insulin resistance?!. Clinical trials specifically designed to
capture the nuances and complexity of early glycemic alterations
and whether individuals with distinct pathophysiological features
benefit from more targeted preventive interventions are needed to
fill the gap in current T2D precision prevention evidence.

Even though there are far more lifestyle intervention trials for
the prevention of T2D than diet alone and diet supplementation
trials, collectively, however, results for effect modification by any
one factor are sparsely reported or arising from an evidence base
of very different trials and patient populations. Further, many
secondary analyses in this systematic review are derived from two
single clinical interventions viz, the DPP and the DPS. Findings
from available evidence contrast with recent clinical studies
documenting variable responses to identical foods, diets, or life-
style interventions based on inter-individual differences in
demographic, clinical, genetic, gut microbiota, and lifestyle
characteristics??-24, While these studies offer insights into vari-
able postprandial metabolic response, their short follow-up per-
iods, the lack of time-series data and changes in parameters that
could influence response to interventions, and the inclusion of
relatively young and healthy individuals preclude the general-
izability to T2D prevention efforts. Whether the promise of T2D
precision prevention is matched by evidence of the long-term
beneficial impact remains uncertain. Still, interest and activity in
this field are proliferating to identify factors underlying variable
nutritional responses and develop algorithms to predict indivi-
dual responses to nutrients, foods, and dietary patterns.

While recent studies support the benefits of losing body weight
loss on the risk of developing T2D regardless of the mechanisms
underlying T2D, there is still enormous variability in individual
response to weight-loss interventions. For example, the DIET-
FITS study?’, showed that weight change varied widely within
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each study group, ranging from a loss of ~30kg to a gain of
~10kg. While weight loss is critical in T2D prevention, these
findings reinforce the continued effort to identify molecular,
environmental and social characteristics underlying the variable
response to diabetes prevention interventions.

Our systematic review had some limitations. The scope of our
literature review as part of the PDMI was broad and inclusive of
diverse study designs, T2D prevention strategies, study popula-
tions, and effect modification analyses. Although this resulted in a
heterogeneous evidence base and did not provide an opportunity
for meta-analysis, we qualitatively synthesized the evidence for
precision prevention. Our hypothesis originally spanned to
include observational studies, which were ultimately excluded due
to the uncertainty of their being readily related to clinical inter-
ventions. Protocol amendments were registered to reflect these
decisions prior to study screening and extraction. Moreover, as
our scope only included moderators of the intervention efficacy
on T2D, which are typically measured prior to or at baseline2°,
important mediators of the intervention effects on T2D as e.g,,
weight loss was not addressed and discussed. This will be
important to address in future studies to gain a deeper under-
standing of heterogenous lifestyle interventions responses.

In conclusion, our systematic review and synthesis of the T2D
prevention literature provide low to very low certainty evidence
that sociodemographic, clinical, lifestyle, or molecular factors are
more useful, valid, and consistent in informing T2D precision
prevention strategies than current interventions. We also uncover
several areas of potential for growth in the precision medicine
field, including prospectively designed interventions and clinical
trials incorporating the investigation of treatment response
heterogeneity.

Data availability

This systematic review compiles data available in clinical studies. The PMIDs of included
studies are available in Table 1. The study-specific numeric estimates for the effect
modification has been given in Supplementary Data 1. The source data for Fig. 2 is
provided in Supplementary Data 2. All other extracted data have been summarized in the
figures and tables presented in the manuscript and are available from the corresponding
author on reasonable request.
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