Hu et al. BMC Public Health  (2025) 25:1220 BMC Public Health
https://doi.org/10.1186/512889-025-21404-4

. . ®
Risk factors for progression to type 2 =l

diabetes in prediabetes: a systematic review
and meta-analysis

Shengying Hu'", Wenting Ji*', Yizhu Zhang', Wendi Zhu', Hongyu Sun'” and Yumei Sun"

Abstract

Background Prediabetes is the earliest identifiable stage of glycemic dysregulation, and its progression can be
delayed by effective control of risk factors. Currently, various risk factors for the progression from prediabetes to type 2
diabetes mellitus (T2DM) need to be further summarized.

Objective This systematic evaluation of the risk factors for the progression of prediabetes to type 2 diabetes mellitus
provides a theoretical basis for early recognition and intervention. The meta-analysis identifies the Fatty Liver Index
as a significant risk factor [OR=6.14, 95% Cl (5.22, 7.22)] for the progression from prediabetes to type 2 diabetes, high-
lighting its predictive value.

Methods PubMed, Web of Science, Embase, The Cochrane Library, CNKI, WANFANG, and VIP databases were
searched to collect cohort studies on risk factors for progressing to type 2 diabetes in prediabetes from inception
to February 15, 2024. STATA 17.0 was used for Meta-analysis.

Results A total of 59 studies were included, all of which were of medium to high quality. The factors were catego-
rized into four major groups: sociodemographic factors, lifestyle factors, psychosocial factors, and comorbidities

and clinical indicators. Meta-analysis results showed that sociodemographic factors [age [OR=1.03, 95% CI (1.01,
1.04)], family history [OR=1.48,95% Cl (1.36, 1.61)], male sex [OR=1.13,95% Cl (1.08, 1.19)], high BMI [OR=1.21, 95%
Cl(1.15, 1.27)], high waist circumference [OR=1.49, 95% Cl (1.23, 1.79)], and high waist-to-hip ratio [OR=2.44, 95% Cl
(217, 2.74)]1. Lifestyle factors included a lack of physical exercise [OR=1.86,95% Cl (1.19, 2.88)], smoking [OR=1.31,
95% CI (1.22, 1.41)], and moderate physical activity [OR=0.24, 95% Cl (0.09, 0.67)]. Psychosocial factors included anxi-
ety [OR=2.61,95% Cl (1.36, 5.00)], depression [OR=1.88, 95% Cl (1.35, 2.61)], and social deprivation level 4 [OR=1.15,
95% Cl (1.13, 1.18)]. Comorbidities and clinical indicators included hypertension [OR=1.41, 95% Cl (1.33, 1.50)], high
triglycerides [OR=1.25, 95% CI (1.10, 1.43)], high cholesterol [OR=1.09, 95% Cl (1.06, 1.12)], fatty liver index [OR=6.14,
95% Cl (5.22, 7.22)], low HDL-C [OR=1.13,95% CI (1.09, 1.36)], and high blood glucose levels [OR=1.01,95% CI (1.01,
1.02)].

Conclusions This study found that age, male sex, positive family history of type 2 diabetes, high BMI, unhealthy
lifestyle, anxiety, depression, high blood pressure, high triglycerides, and a high fatty liver index are risk factors
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for the progression from prediabetes to type 2 diabetes and should be given sufficient attention. Moderate physical
activity and Low HDL-C are protective factors. Future studies should also increase follow-up, explore the best diagnos-
tic criteria for prediabetes, and fully consider the definitions of various factors. The study was registered in PROSPERO

(CRD42024513931).
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Introduction

Prediabetes is a state of abnormal glucose metabolism
where glucose levels are higher than normal but not high
enough for a diabetes diagnosis. It serves as a warning
sign for the future risk of diabetes, cardiovascular disease,
microvascular complications, tumors, dementia, and
other conditions [1]. Patients in this stage may exhibit
impaired fasting glucose (IFG) and/or impaired glu-
cose tolerance (IGT), or HbA1lc levels between 5.7% and
6.4% [2]. Although not yet diagnosable as diabetes, these
characteristics indicate a high-risk state that requires
significant attention from both patients and healthcare
providers. Up to 70% of patients with prediabetes eventu-
ally develop diabetes [3], and by 2030, over 470 million
people globally are expected to have prediabetes [4]. In
China, the prevalence of prediabetes is between 35.2%
and 38.1% [5].

Diabetes is a group of clinical syndromes character-
ized by hyperglycemia due to absolute or relative insulin
deficiency and/or insulin dysfunction. It can be catego-
rized into four types [6] based on etiology: Type 1 diabe-
tes mellitus (T1DM), Type 2 diabetes mellitus (T2DM),
specific types of diabetes, and gestational diabetes mel-
litus (GDM). Among these, T2DM is the most prevalent,
primarily caused by insulin resistance and insufficient
insulin secretion [7]. It is a significant global public
health issue, with the diabetes prevalence in the 20-79
age group estimated at 10.5% in 2021, projected to rise
to 12.2% by 2045, with 96.0% of cases being T2DM [8].
At the same time, the proportion of undiagnosed diabe-
tes patients has been high, accounting for about 45% [9].
In China, the diabetes prevalence is particularly severe, at
approximately 12.4% [5, 10], with over 90% being T2DM
cases. However, the current rate of achieving treatment
targets for T2DM is low, with less than 50% of patients
having HbAlc levels below 7%. The awareness and con-
trol rates of diabetes are also low, exacerbating the dis-
ease burden [11], Diabetes significantly impacts the
quality of life [12] and untreated or improperly treated
T2DM is associated with numerous complications [13].

Growing evidence suggests that prediabetes is an
independent predictor [14, 15] for T2DM conversion
and is associated with higher risks of subclinical myo-
cardial injury, atherosclerotic cardiovascular disease,
and all-cause mortality. Without timely intervention,

the risk of prediabetes patients progressing to diabe-
tes increases significantly. Effective intervention at
this stage can greatly reduce the risk of progression.
Therefore, timely identification and the effective rec-
ognition of risk factors for progression from predia-
betes to T2DM are crucial for preventing the onset of
T2DM, improving quality of life, and reducing medical
resource consumption.

Materials and methods

Data collection

This meta-analysis was conducted following the
PRISMA guidelines. The protocol was registered in the
PROSPERO database (CRD42024513931).

Data collection

The inclusion criteria were as follows: (1) cohort study;
(2) meeting the diagnostic criteria for prediabetes
including IFG and/or IGT and/or HbAlc (5.7-6.4). (3)
Exposure factors: influential factors associated with the
progression of prediabetes, including but not limited to
sociodemographic characteristics, lifestyle, and anthro-
pometric indicators; (4) Conclusion Indicator: T2DM
event or DM, that is, meeting the diagnostic criteria
for T2DM /DM of international organizations such as
ICD-10/ICD-9/ADA/WHO for each year, or receiv-
ing anti-T2DM treatment during the follow-up period
(including, but not limited to, the use of anti-T2DM
medications, insulin, receiving dietary treatment for
T2DM, outpatient visits for T2DM, etc.) or self-report-
ing of T2DM, or a confirmed diagnosis of T2DM; (5)
The literature should report original data concern-
ing odds ratio (OR) or relative risk (RR) and the 95%
confidence interval (CI). The exclusion criteria were as
follows: (1) exclusion of study subjects with clinically
confirmed pregnancy or other serious comorbidities
such as malignancy, AIDS, and tuberculosis; (2) exclu-
sion of study participants receiving anti-T2DM ther-
apy; (3) duplicate publications; (4) publications with
data that could not be extracted, transformed, or cal-
culated; (5) unavailability of full text; (6) non-Chinese/
English literature; and (7) exclusion of studies with a
score of <3 on the Newcastle-Ottawa Scale (NOS).
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Search strategy

We performed a systematic search of PubMed, Web of
Science, Embase, The Cochrane Library, China Knowl-
edge Network (CNKI), Wanfang Database (WAN-
FANG), and VIP from the inception of each database
to January 17, 2024. The references of the included lit-
erature were also screened for supplementation. The
following terms were used in automatic search: “predia-
bet*/pre-diabet*/overall diabetes/borderline diabetes”
"impaired glucose/ impaired fasting glucose/ glucose
intolerance/ IGT / IFG” “intermediate hyperglycemi*/
non-diabetic hyperglycemi*/ dysglycemia” "risk/risk
factors/predictive factor/age/sex/education status/dys-
lipidemia/hypertension/obesity/lifestyle/sleep/diet/
smoke/alcohol/exercise/environmental pollution/men-
tal health” “type 2 diabetes mellitus/type 2 diabetes /
T2DM / T2D” “cohort/ Prospective study/prevalence
study”. The search strategy is detailed for the English
databases in Appendix A.

Study selection and data extraction

Endnote 20 was used to remove duplicates. Two trained
researchers independently read the titles and abstracts
for initial screening, then read the full texts for re-
screening, and in case of disagreement, they discussed
or consulted a third-party expert for a decision. Data
were independently extracted by two trained research-
ers using a standardized form, and missing information
was supplemented by contacting the original authors.
The form included the following: first author, year
of publication, type of study, country or region of the
study population, type of diagnosis, diagnostic criteria,
sample size, duration of follow-up, method of assess-
ing the exposure factors, method of assessing the con-
trols, assessment tools for the endpoint indicators, and
adjustment for confounders.

Study quality assessment

Quality assessment of all the literature was conducted
independently by two trained researchers, who cross-
checked the results at each step. In case of disagree-
ment, the decision was made through discussion or
consultation with a third-party expert. The Newcas-
tle—Ottawa Scale (NOS) was used for assessment, with
a maximum score of 9, which included study popula-
tion selection (4 points), comparability of cohort design
or analyses (2 points), and outcome evaluation and
follow-up (3 points). Scores of 0-3, 4—6, and 7-9 were
assigned to low, moderate, and high-quality studies,
respectively, based on this scale.
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Statistical methods

STATA 17.0 software and RStudio were used to pro-
cess the data. In this study, the OR was used as the
combined effect size, and the 95% CI was calculated
for effect analysis. The analysis was performed accord-
ing to different exposure factor subgroups. For factors
that were not amenable to meta-analysis, qualitative
summary descriptions were used. If the original arti-
cle only reported the results of analyses grouped by
Pre-DM phenotype, the subgroups were combined and
then described. Heterogeneity in systematic reviews
was generally described as clinical, methodological, and
statistical heterogeneity (the result of clinical and/or
methodological diversity among individual studies) and
was assessed by the I? statistic and Q-test (P-value);
if P>0.10 and I2<50%, a fixed effects model was cho-
sen; otherwise, a random effects model was adopted.
we performed a leave-one-out method by iteratively
removing the included study of sensitivity analysis.
Then, sensitivity analysis was also used to detect the
stability of the results. Meanwhile, Egger’s test was used
to detect publication bias. In addition, we assigned
three grades of evidence in support of the conclusion
according to two elements including the pooled sample
size and heterogeneity: ‘grade I evidence’

Results

Literature screening process and results

The PRISMA flowchart (Fig. 1) summarizes the litera-
ture search and inclusion process. Initially, 18,441 arti-
cles were retrieved, and 3,636 duplicates were removed.
After screening the titles and abstracts, 14,571 arti-
cles were excluded. A further review of the full texts
resulted in the exclusion of 174 articles, leaving 59 arti-
cles for inclusion.

Characteristics and quality evaluation of included studies
A total of 59 studies were included, 54 in English and 5
in Chinese. There were 52 prospective cohort studies
and 7 retrospective cohort studies, covering three con-
tinents and 19 countries. The studies included 32 from
Asia (13 from China, 5 from South Korea, 4 from Japan,
2 from India, 2 from Iran, 1 from Thailand, and 1 from
Singapore), 22 from Europe (2 from Germany, 1 from
Denmark, 1 from France, 3 from Sweden, 2 from the
Netherlands, 1 from Poland, 4 from the United Kingdom,
8 from Spain), and 6 from North America (4 from the
United States and 2 from Canada). The detailed content
is presented in Table 1.

Table 1 Basic characteristics and quality evaluation of
the included literatures.
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Records excluded

Reports excluded(n=178):
Meeting or only abstracts (n=12)

———— | Duplication of information (n=3)

The study theme is not

suitable(n=127)

OR/RR or 95%Cl of single variable is not
available (n=15)

Not case-control or cohort design
(n=14)

Reviews and meta-analysiis (n=5)

Animal experiments (n=1)

Protocol (n=1)

Fig. 1 Flow chart of literature screening

Meta-analysis results of factors influencing the transition
from prediabetes to type 2 diabetes

The meta-analysis summarized factors related to
the progression from prediabetes to type 2 diabetes
(T2DM). The evidence was classified into three levels
based on sample size and heterogeneity: 'Level I evi-
dence’ with a combined population>5000 and low
heterogeneity (I<50%); 'Level II-A evidence’ with a
combined population>5000 but high heterogeneity
(I.2>50%); ’Level II-B evidence’ with low heterogene-
ity but a combined population<5000; and 'Level III
evidence’ with a combined population <5000 and high
heterogeneity. Of the 27 influencing factors analyzed,
20 factors (10 Level I evidence, 6 Level II-A evidence, 3
Level II-B evidence, 1 Level III evidence) showed signif-
icant positive or negative correlations with the disease,
while 7 factors showed no statistical correlation. These
factors were categorized into four major categories:
sociodemographic factors, lifestyle factors, psychoso-
cial factors, and comorbidities and clinical indicators.
Significant influencing factors are described as follows:
Significant influencing factors are described in Table 1

M) Records identified from*:Databases (n =18441)
English recoords: 16165: PubMed3376, web
c of SC|ence1398,'embase81§1 , the Additional records
% cochrane350, cinal9, medline2851 identified through other
Chinese
& | | recoords: 2276 WanFang128,CNKI820, SinoM sources|(n=0)
< ed: 1025,VIP: 303
o
=
e
—
Records after duplicates removed
(n=14815)
(n =14578)
o
=
H \
g
n Records screened (n=237)
—
— \
T Reports of included studies
3 (n=59)
3 Studies included in quantitativen
g (n=51)
—

Sociodemographic factors

Age [OR=1.03, 95%CI (1.01, 1.04)], Family history
[OR=1.48, 95%CI (1.36, 1.61)], Male sex [OR=1.13,
95%CI (1.08, 1.19)], High BMI [OR=1.21, 95%CI (1.15,
1.27)], High waist circumference [OR=1.49, 95%CI
(1.23, 1.79)], High waist-to-hip ratio [OR=2.44, 95%CI
(2.17, 2.74)].

Lifestyle factors
Lack of physical exercise [OR=1.86, 95%CI (1.19,
2.88)], Smoking [OR=1.31, 95%CI (1.22, 1.41)], Moder-
ate physical activity [OR=0.24, 95%CI (0.09, 0.67)], pro-
tective factor.

Sociodemographic factors

Age [OR=1.03, 95%CI (1.01, 1.04)], Family history
[OR=1.48, 95%CI (1.36, 1.61)], Male sex [OR=1.13,
95%CI (1.08, 1.19)], High BMI [OR=1.21, 95%ClI (1.15,
1.27)], High waist circumference [OR=1.49, 95%CI
(1.23,
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1.79)], High waist-to-hip ratio [OR =2.44, 95%CI (2.17,
2.74)].

Lifestyle factors

Lack of physical exercise [OR=1.86, 95%CI (1.19, 2.88)],
Smoking [OR=1.31, 95%CI (1.22, 1.41)], Moderate physi-
cal activity [OR=0.24, 95%CI (0.09, 0.67)], protective
factor.

Psychosocial factors

Anxiety [OR=2.61, 95%CI (1.36, 5.00)], Depression
[OR=1.88, 95%CI (1.35, 2.61)], Social deprivation level 4
[OR=1.15, 95%CI (1.13, 1.18)].

Comorbidities and clinical indicators
Hypertension [OR=1.41, 95%CI (1.33, 1.50)], High tri-
glycerides [OR=1.25, 95%CI (1.10, 1.43)], High choles-
terol [OR=1.09, 95%CI (1.06, 1.12)], Fatty liver index
[OR=6.14, 95%CI (5.22, 7.22)],Low HDL-C [OR=1.13,
95%CI (1.09, 1.36)], High blood glucose levels [OR=1.01,
95%CI (1.01, 1.02)].

Meta-analysis of risk factors for type 2 diabetes in pre-
diabetes are shown in Table 2 in detail.

Table 2 meta-analysis of risk factors.

Subgroup analysis

We conducted subgroup analyses based on high body
mass index (BMI), high triglycerides, blood pressure lev-
els, and blood glucose levels. The results are shown in
Table 3.

For high BMI, the analyses were conducted with BMI
as a continuous variable and as a categorical variable
(BMI > 24 kg/m? and BMI>30 kg/m?). Subgroup analy-
ses showed a decrease in heterogeneity across groups.
For BMI > 24 l<g/m2, the evidence was rated as Grade I,
indicating an increased risk of diabetes (OR from 1.21 to
1.76) with low heterogeneity (I*=27.0%). This suggests
that individuals with prediabetes have an increased risk
of developing type 2 diabetes (OR from 1.21 to 1.76).
For BMI>30 kg/m? the evidence was rated as Grade
II-A, also indicating an increased risk of diabetes (OR
from 1.21 to 1.58) with low heterogeneity (I*=24.7%).
However, the OR value was lower compared to the
BMI > 24 kg/m? group, which contradicts previous stud-
ies that showed a dose-response relationship between
high BMI and diabetes risk. This discrepancy might be
due to the smaller population size in the BMI> 30 kg/m?
group.

For blood pressure levels, subgroup analyses were
conducted based on reported blood pressure as hyper-
tension, high systolic blood pressure, and high dias-
tolic blood pressure. Hypertension was rated as Grade I

Page 10 of 20

evidence, showing an increased risk of diabetes (OR from
1.01 to 1.41) with low heterogeneity (’=12.1%).

For blood glucose levels, subgroup analyses were con-
ducted based on fasting blood glucose, postprandial 2-h
blood glucose, and glycated hemoglobin. Fasting blood
glucose was rated as Grade II-A evidence, showing the
most significant increase in diabetes risk (OR from 1.01
to 1.54) with high heterogeneity (I*>=96.5%).Subgroup
analysis of risk factors for type 2 diabetes in prediabetes
is shown in Table 3.

Table 3 Subgroup analysis of risk factors for type 2 dia-
betes in prediabetes.

Sensitivity analysis

For anxiety, excluding Deschénes 2023 due to differences
in control groups (comparing anxiety state versus pro-
gressive anxiety), heterogeneity decreased from 54.8%
to 0.0%, and the combined effect slightly increased (OR
from 1.77 to 2.61).For high cholesterol levels, exclud-
ing Gan Ting 2021 due to different definitions and lack
of representative study populations, heterogeneity
decreased from 65.6% to 31.9%, and the combined effect
slightly decreased (OR from 1.15 to 1.09).For metabolic
syndrome, excluding J. Franch-Nadal 2018 due to dif-
ferences in single-factor analysis results and diagnostic
standards, heterogeneity decreased from 80.3% to 15.7%,
and the combined effect decreased (OR from 1.76 to
1.32).

For high waist circumference, excluding four articles
with unclear definitions (K. Kohansal 2022, N. Li 2022,
A. Swiecicka-Klama 2022, H.-S. Kim 2013), heterogeneity
decreased from 89.9% to 31.9%, and the combined effect
slightly increased (OR from 1.31 to 1.49).

Sensitivity analysis was conducted for 27 factors, with
robust meta-analysis results for 26 factors. However, the
result for moderate physical activity was not robust (see
Fig. 2).

Publication bias

As shown in Figs. 3, 4, 5, 6, and 7, the funnel plots exhibit
a symmetrical distribution, indicating minimal pub-
lication bias. Egger’s test results were non-significant
(P>0.05), confirming low publication bias.

Discussion

To comprehensively and systematically explore the fac-
tors influencing the transition from prediabetes to type
2 diabetes, 59 articles were included, covering three
continents and 19 countries, and examining 38 factors
affecting the transition. Qualitative results indicated
that a high glycemic load diet, a high-fat diet, increased
stress, shift work, and conditions such as gallstones and
frailty are risk factors, while elevated 25(OH)D and FT4
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Number Combined Levelof Heterogeneity Effect model =~ Combined
of Published population evidence test effect size
studies
12 Q P OR(95%Cl)
Sociodemo- Age 201[16,19,22, 768891 II-A 96.85% 566.86 0.000 Random effects 1.03(1.01, 1.04)
graphic factors 23,34,39-41, model
43,45-47,52,
60, 63, 66,67,
69,72,74]
Family history 11[17,19,21, 705597 9.4% 1214 0353 Fixed effect 148 (136, 1.61)
22,30, 34, 39, model
64,67,69,72]
Male 6(23,38,40,47, 34083 I 39.1% 8.20 0.145  Fixed effect 1.13(1.08, 1.19)
57,68] model
High BMI 20[16,19, 21, 749587 II-A 84.6% 12339 0.000 Random effects 1.21(1.15, 1.27)
30-32, 34, 38, model
39,41,43,47,
49,60, 63, 64,
66-69, 72-74]
* High waist 8[17,30,32,34, 6383 I 31.9% 1027 0.174 Fixed effect 149(1.23, 1.79)
circumference 39,40, 43, 53] model
High waist-to-  4[38,41,51,60] 2259 II-B 0.0% 1.30 0.730 Fixed effect 244217, 2.74)
hip ratio model
Lifestyle factors ~ Moderate physi- 5 [16, 30,47, 25097 [I-A 97.4% 11495 000 Random effects 0.24(0.09, 0.67)
cal activity 52,64] model
Lack of physical  3[19, 22, 34] 588 Il 55.6% 450  0.105 Random effects 1.86(1.19, 2.88)
activity model
Smoking 8[21,22,39,40, 725972 | 8.9% 7.68 0361 Fixed effect 131(1.22, 147)
46,47,67,72] model
Drinking 4[18,22,46,72] 16825 | 0.0% 232 0.509 Fixed effect 1.07(091; 1.27)
model
Mediterranean 2 [24, 29] 1527 Il 69.1% 323 0.072 Random effects 0.33(0.08, 1.30)
Diet model
Daily intake 31[30,47,52] 41083 I-A 71.2% 6.94 0.031 Random effects 0.81 (0.64, 1.03)
of fruits model
and vegetables
Psychosocial * Anxiety 2[27,36] 26205 I 0.00% 0.14 0.704 Fixed effect 261136, 5.00)
factors model
depression 2(27,28] 29404 I 28.3% 1.39 0.238 Fixed effect 1.88 (135, 261)
model
Longworking  3[37,61,62] 34118 [I-A 88.3% 1703 0.122 Random effects 1.36(0.93, 1.97)
hours model
Sleep time 2[37,56] 18450 II-A 94.9% 19.77 0.000 Random effects 1.36 (0.93
model , 11.97)
Social depriva- 2 [31,57] 402401 II-A 73.4% 3.76 0.052 Random effects 1.11(0.97, 1.27)
tion level3 model
Social depriva- 2 [31,57] 402401 | 0.0% 0.24 0.626 Fixed effect 1.15(1.13, 1.18)
tion level4 model
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Table 2 (continued)
Number Combined Levelof Heterogeneity Effect model = Combined
of Published population evidence test effect size
studies
12 Q p OR(95%Cl)
Associated dis-  High triglycer- 12017,21, 22, 723425 II-A 82.3% 6202 000 Random effects 1.25(1.10.1.43)
eases and test ides 30, 39,40, 46, model
indicators 53,67,69,72,
73]
Fatty liverindex 3 [30, 52, 65] 27457 29.4% 2.83 0.242  Fixed effect 6.14 (522, 7.22)
model
Low HDL-C 41[22,40,72,73] 21146 32.9% 447 0.215 Fixed effect 1.128(1.0921.359)
model
High HDL-C 2[21,30] 2471 II-B 0% 0.81 0.368 Fixed effect 0.65(0.50, 0.83)
model
*High TG 5[19,46,47, 710514 31.9% 5.88 0.208 Fixed effect 1.091 (1.063
59, 671 model , 1.120)
Blood pressure  17[6, 14,17, 755030 II-A 90.5% 20093 0.000 Random effects 1.01(1.01, 1.02)
level 22-24, 29, 30, model
33,36,42,48,
51,53,55-57]
Blood sugar 9122, 23,43, 22488 II-A 96.9% 388,50 0.00 Random effects 1.01(1.01, 1.02)
level 45,58, 59, 64, model
66, 68]
Insulin resist- 2[20, 36] 1984 I-B 0.00% 0.36 0.551 Fixed effect 1.05(0.96, 1.15)
ance model
* Metabolic 4[38,49,57,61] 2183 -8 15.7% 3.56 0313  Fixed effect 1.32(1.08, 161)
syndrome model

levels are protective factors. The meta-analysis results
identified 19 factors influencing the transition from pre-
diabetes to type 2 diabetes, including sex, family history,
high BMI, low physical activity, smoking, and high blood
pressure.

This study employed a comprehensive search strategy
to investigate factors related to the transition from pre-
diabetes to type 2 diabetes, including sociodemographic,
lifestyle, psychosocial, comorbidities, and laboratory
indicators, with a particular focus on disease and psycho-
social factors, which have been less reported in previous
studies. The results provide a reference for developing
prediction models for type 2 diabetes in prediabetes pop-
ulations, aiding in the early detection, diagnosis, and
treatment of diabetes.

Sociodemographic factors

Age

This study found that increasing age is a risk factor for
the progression from prediabetes to type 2 diabetes, con-
sistent with previous research [75] indicating that the age
of onset of prediabetes may affect the rate of progres-
sion to diabetes. However, due to the limited number
of original studies and significant heterogeneity in age

cut-off values, we did not find a lower rate of progression
from prediabetes to diabetes in older adults compared to
middle-aged individuals with prediabetes. Ravindrara-
jah et al. [76] found that compared to individuals aged
18-44, those over 75 had a reduced risk of progression
from prediabetes to type 2 diabetes (P<0.01), possibly
due to survival effects in older adults and faster loss of
B-cell function in younger individuals. Rooney et al.
[77] found that prediabetes in the elderly may not be a
strong diagnostic entity for predicting the progression of
diabetes, and the prevalence of prediabetes and diabetes
increases substantially with age, despite the high preva-
lence of diabetes and prediabetes in the elderly. However,
the progression of hyperglycemia over time (that is, from
normal blood sugar to pre-diabetes or diabetes, or from
pre-diabetes to diabetes) in this population is character-
ized by few. Further research is needed to explore differ-
ences in the progression of prediabetes to type 2 diabetes
at different ages to provide more targeted intervention
programs.

Race
Due to the limited number of original studies, we could
not conduct a meta-analysis on the impact of race on
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Grouping basis Factors Combined Level of evidence Heterogeneity test  Effect model Combined effect size
population -
12 Q p OR (95%Cl)
High BMI 749,587 II-A 84.6% 123.39 0.000 Random effects 1.21(1.151.27)
model
BMI continuous High BMI (continu- 734,176 [I-A 526% 14.76 0.039 Random effects 1.09 (1.07,1.11)
variable ous variable) model
BMIZ24 High BMIZ24 9728 | 27.0% 822 0.222 Fixed effect model 1.76 (1.58,1.95)
BMIZ30 High BMIZ30 3144 II-B 24.7% 531 0.257 Fixed effect model 1.58(1.33,1.88)
High triglycerides 723,425 II-A 823% 6202 000 Random effects 1.25(1.10,1.43)
model
Single factor analysis  High triglycerides II-A 95.2% 4193 0.000 1.24  Random effects 1.51(1.02,2.12)
(Single factor model
analysis)
Multifactor analysis High triglycerides 21,989 [I-A 57.5% 1885 0.016 Random effects 1.26 (1.10,1.37)
(Multifactor analysis model
s)
Blood pressure level 22,488 II-A 90.5% 200.93 0.000 Random effects 1.01(1.01,1.02)
model
hypertension hypertension 36,375 | 121% 1251 0326 Fixed effect model 141 (1.33,1.50)
High systolic blood High systolic blood 702,305 | 0.0% 035 0.840 Fixed effect model 1.00 (1.00,1.00)
pressure pressure
High diastolic blood  High diastolic blood 702,007 I 487% 585 0.119 Fixed effect model 1.01(1.01,1.02)
pressure pressure
Blood sugar level 22,488 I-A 96.9% 38850 0.00 Random effects 1.01(1.01,1.02)
model
FPG FPG 11,407 II-A 96.5% 14267 0.000 Random effects 154 (1.17,201)
model
2 h-PG 2 h-PG 10,529 \ 0.00% 0.00 1.000 Fixed effect model 1.01(1.01,1.01)
HbA1C HbA1C 12,104 II-A 60.1%  10.03 0.040 Random effects 149(1.28,1.73)

model

the progression of prediabetes. The main results of the
American Diabetes Prevention Program (DPP) indicated
that the rate of progression from impaired glucose toler-
ance to type 2 diabetes was similar across major racial
and ethnic groups in the United States, with no signifi-
cant racial differences in the rate of diabetes progression.

Sex

This study found that compared to females, males are at
higher risk for the progression from prediabetes to type
2 diabetes (OR=1.13, 95% CI 1.08-1.19). Existing studies
have demonstrated differences in prediabetes prevalence
between males and females, with males more likely to
have impaired fasting glucose (IFG) and increased hepatic
glucose output and early insulin secretion impairment,
while females are more prone to impaired glucose toler-
ance (IGT) and peripheral insulin resistance [78]. Addi-
tionally, there are differences between males and females
in biological factors such as genetic susceptibility, sex hor-
mones, and neuroendocrine pathways, as well as in life-
style, psychosocial, and environmental factors [79].

Lifestyle factors

The study found that lack of physical activity and smok-
ing are lifestyle-related risk factors. Based on these
findings and current expert recommendations, lifestyle
modifications [80] should be the first-line approach in
treating prediabetes. Lifestyle interventions, as a cor-
nerstone in diabetes prevention, should be continu-
ously implemented in prediabetic individuals. These
interventions include a balanced diet, exercise, weight
reduction, calorie control, smoking cessation, and lim-
iting alcohol consumption.

In this study, no correlation was found between alco-
hol consumption and the progression of prediabetes,
likely due to the limited number of original studies.
Future research should explore this correlation further.
Nonetheless, considering the impact of prediabetes on
cardiovascular outcomes, limiting alcohol consumption
remains an essential part of lifestyle interventions in
individuals with prediabetes.
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Psychological health

The study found a strong association between anxiety and
the progression from prediabetes to type 2 diabetes, indi-
viduals with poorer psychological health were more likely
to develop type 2 diabetes during follow-up. This find-
ing suggests that psychological issues may not only affect

Inor

quality of life but also directly impact disease progres-
sion and health outcomes. Anxiety can exacerbate insu-
lin resistance, inflammation, and stress-related hormonal
imbalances, all of which contribute to glucose dysregula-
tion. Recent experiment [75] in this area suggested that
individuals with higher anxiety levels are at an increased
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Family history funnel diagram
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Fig. 5 High body mass index funnel diagram

risk of developing type 2 diabetes due to the physiologi-
cal and behavioral consequences of chronic stress, such
as elevated cortisol levels and unhealthy coping mecha-
nisms (e.g., poor diet, reduced physical activity).

This association could be because of psychologi-
cal stress on the neuroendocrine and autonomic
nervous systems. Prolonged stress may activate the
hypothalamic—pituitary—adrenal axis, releasing stress
hormones such as cortisol and adrenaline, which affect
insulin sensitivity and secretion. Additionally, emotional
issues may lead to unhealthy lifestyle choices, such as
emotional overeating and lack of exercise, increasing the
risk of diabetes development.

Future research should adopt more rigorous designs
to explore the biological mechanisms underlying the
relationship between psychological health and diabetes
progression and develop effective interventions. Addi-
tionally, research should investigate the impact of differ-
ent types of psychological issues on disease progression
and the differences between various populations.

Disease risk factors

Cardiovascular risk factors

This study indicates that hypertension, hyperlipidemia,
and high cholesterol levels are risk factors for the pro-
gression from prediabetes to type 2 diabetes (T2D).
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high triglyceride funnel diagram
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Hypertension funnel diagram
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Fig. 7 Hypertension funnel

These cardiovascular risk factors might increase the
likelihood of developing T2D among individuals with
prediabetes, highlighting their significance in diabetes
progression. Several physiological mechanisms may link
hypertension, hyperlipidemia, and high cholesterol to
diabetes development. For instance, hypertension might
lead to vascular damage and insulin resistance, thereby
promoting diabetes development. Hyperlipidemia and
high cholesterol may influence insulin sensitivity by exac-
erbating insulin resistance, affecting lipid metabolism,
and activating inflammatory responses, thus increasing
the risk of diabetes. These findings have crucial implica-
tions for clinical practice. Clinicians should prioritize the

cardiovascular health of prediabetic patients and manage
their hypertension, hyperlipidemia, and high cholesterol
levels actively. Effective interventions, such as medication
and lifestyle changes, could delay or prevent the onset of
diabetes, reduce related complications, and enhance the
quality of life for these patients.

Baseline blood glucose levels

The study finds that elevated baseline blood glucose lev-
els are a risk factor for the progression from prediabe-
tes to T2D. The higher the blood glucose levels within
the prediabetic diagnostic criteria, the higher the risk
of developing T2D. Additionally, different diagnostic
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criteria for prediabetes present varying risks for progres-
sion to T2D. According to the Chinese Expert Consensus
on Prediabetes, it is recommended to assess patients and
analyze their risk levels before intervening in the predia-
betic population.

Fatty liver index, high waist-to-hip ratio

The findings of this meta-analysis highlight several risk
factors with significant clinical relevance, particularly
the Fatty Liver Index (FLI) and high waist-to-hip ratio
(WHR), both of which are strongly associated with the
progression from prediabetes to type 2 diabetes. Elevated
FLI reflects the presence of nonalcoholic fatty liver dis-
ease (NAFLD), which is closely linked to insulin resist-
ance and increased diabetes risk. NAFLD is a frequent
complication in individuals with metabolic syndrome,
exacerbating glucose dysregulation. Clinical inter-
ventions targeting liver fat reduction, such as lifestyle
changes and pharmacotherapy, may help reduce diabe-
tes incidence [81]. Similarly, a high WHR indicates cen-
tral adiposity, a key contributor to insulin resistance and
chronic inflammation, which accelerates the transition
from prediabetes to diabetes. Since WHR is an easy-to-
measure indicator of visceral fat, incorporating it into
routine risk assessment could improve early identifica-
tion of at-risk individuals. Targeted interventions like
dietary changes, physical activity, and potentially medica-
tions aimed at reducing abdominal obesity can help delay
or prevent diabetes onset. Both FLI and WHR provide
valuable insights for personalized, targeted interventions
in clinical practice.

Limitations
This study has several limitations:

1. Some studies lacked usable data and could not be
included, which might have affected the reliability of
the results to some extent.

2. Differences in diagnostic criteria, tools, sample sizes,
and study regions among the subjects led to signifi-
cant heterogeneity in some influencing factors.

3. The language restriction applied during the litera-
ture search, as we included only studies published in
English and Chinese. This may have led to the exclu-
sion of relevant studies published in other languages,
particularly from regions where research might be
conducted in local languages. Consequently, this
restriction could introduce a bias, limiting the gen-
eralizability of our findings to populations that are
underrepresented in English and Chinese language
publications. While we aimed to ensure the inclu-
sion of a comprehensive set of studies by using major
international and regional databases, we acknowl-
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edge that the exclusion of non-English and non-Chi-
nese studies may affect the overall representation of
the global evidence base on risk factors for the pro-
gression from prediabetes to type 2 diabetes. Future
research efforts could focus on broadening language
inclusion to mitigate this potential bias.

Future outlook

Future research should prioritize large-scale prospective
cohort studies with standardized definitions and assess-
ment methods for risk factors, as these are crucial for
addressing the gaps identified in the current evidence
base. Such studies would provide clearer insights into the
progression from prediabetes to type 2 diabetes by ena-
bling more reliable cross-study comparisons. Addition-
ally, further exploration of specific subgroups, including
variations by age, sex, ethnicity, and socio-economic
status, is essential to tailor prevention strategies for
high-risk populations. More research is also needed on
the mechanistic pathways through which psychological
factors, such as anxiety, and comorbid conditions influ-
ence diabetes progression. Finally, interventional stud-
ies targeting modifiable risk factors could offer valuable
insights into effective prevention strategies and improve
overall management of diabetes risk.

Although lifestyle changes have proven significantly
beneficial in preventing the progression to T2D, many
currently defined impaired glucose homeostasis (IH)
patients will continue to progress. Additionally, most
individuals at risk of T2D are not identified promptly,
and those at risk often do not receive adequate refer-
rals for lifestyle interventions. Therefore, it is crucial to
adopt more sensitive and practical methods to identify
high-risk individuals for prediabetes and T2D at an ear-
lier stage, allowing for timely intervention. The Interna-
tional Diabetes Federation’s (IDF) position statement on
the 1-h post-load plasma glucose for diagnosing interme-
diate hyperglycemia and T2D highlights those existing
diagnostic standards like fasting plasma glucose (FPG),
glycated hemoglobin (HbA1c), and 2-h oral glucose toler-
ance test (2-h PG) might not identify individuals in the
early stages of diabetes development promptly. This can
lead to missing diagnoses of individuals with elevated
blood glucose levels who have not yet reached diagnostic
thresholds. Traditional diagnostic methods may also fail
to accurately predict the risk of progressing to T2D or its
complications. The position statement suggests that a 1-h
post-load plasma glucose (1-h PG) level of >8.6 mmol/L
(155 mg/dL) in normoglycemic individuals is highly accu-
rate for predicting T2D progression. Although our study
demonstrates the risk of progression from prediabetes
to T2D, our results are influenced by diagnostic criteria.
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Future research should consider comparing various diag-
nostic standards to comprehensively assess the risk of
progression from prediabetes to T2D. Larger, multicenter
studies are needed to further validate these findings.
Healthcare professionals should focus on risk screen-
ing in prediabetic populations, provide precise stratified
management, slow the progression from prediabetes to
diabetes, and strive for self-remission in individuals with
prediabetes, thereby improving patient quality of life.

Conclusion

In summary, sociodemographic factors such as age,
male sex, high body mass index (BMI), high waist cir-
cumference, and high waist-hip ratio; lifestyle factors
such as smoking and lack of physical activity; psycho-
social factors such as anxiety, depression, and social
deprivation level 4; and disease factors such as hyper-
tension, hyperlipidemia, high cholesterol, metabolic
syndrome, elevated fatty liver index, and increased
baseline blood glucose levels are risk factors for the
progression from prediabetes to T2DM. Diabetes is a
chronic, lifelong disease that severely impacts patients’
quality of life. Therefore, early intervention targeting
these risk factors is crucial in reducing the incidence of
T2DM.
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