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Abstract

Background Estimated glucose disposal rate (eGDR) is a measure of insulin sensitivity. While recent evidence sug-
gests its role in cardiovascular risk assessment in Type 1 diabetes, its associations with cardiovascular disease (CVD),
diabetic microvascular complications (DMC), and mortality across different populations remain unclear.

Methods We systematically searched Medline, EMBASE, Web of Science, and the Cochrane Library up to September
1st, 2024, following PRISMA guidelines. We examined associations between eGDR and CVD, DMC (including diabetic
retinopathy, nephropathy, and peripheral neuropathy), and all-cause mortality using random-effects models. Second-
ary analysis assessed mean eGDR levels in diabetes populations.

Results Nineteen observational studies (185,810 participants) examined clinical outcomes, while 50 studies reported
mean eGDR values. In patients with Type 1 diabetes (T1DM), each 1-unit (mg/kg/min) increase in eGDR was associ-
ated with lower risks of CVD (HR 0.78; 95% Cl 0.69-0.87; I>=68%) and all-cause mortality (HR 0.83; 95% CI 0.79-0.88;
I?=0%). The association between eGDR and DMC in T1DM was not statistically significant (HR 0.86; 95% Cl 0.72-1.03;
I?=25%). In patients with Type 2 diabetes (T2DM), each 1-unit (mg/kg/min) increase in eGDR was associated

with reduced all-cause mortality (HR 0.90; 95% Cl 0.84-0.97; 1> =62%). Similarly, in the general population, each 1-unit
(mg/kg/min) increase in eGDR was associated with decreased mortality risk (HR 0.88; 95% Cl 0.82-0.94; 1> =48%).

The pooled mean eGDR was higher in patients with TTDM (8.19 mg/kg/min; 95% Cl 7.81-8.57; 1> =99%) compared

to those with T2DM (7.03 mg/kg/min; 95% Cl 4.89-9.17; 1= 100%).

Conclusions Higher eGDR levels were consistently associated with lower risks of CVD and mortality in TIDM,

with similar associations observed for mortality in T2DM. In the general population, higher eGDR levels were associ-
ated with reduced mortality risk. The relationship between eGDR and DMC requires further investigation, particularly
in T2DM. These findings suggest eGDR’s potential utility as a risk assessment tool, though its clinical application may
vary across different populations.
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Background

Diabetes is a chronic condition characterized by ele-
vated blood glucose levels, closely linked to pancreatic
cell function [1]. In 2021, 529 million people worldwide
were living with diabetes, with projections suggesting an
increase to over 1.3 billion by 2050 [2]. This trend high-
lights the escalating global burden of diabetes.

Cardiovascular disease (CVD) and diabetic microvas-
cular complications (DMC) remain the primary causes
of morbidity and mortality in people with diabetes [3,
4]. CVD, including atherosclerosis, coronary artery dis-
ease, and stroke, accounts for the majority of deaths, with
people with diabetes showing significantly higher risk
compared to the general population [5]. This elevated
risk stems from the complex interplay between chronic
hyperglycemia, insulin resistance, and metabolic dys-
regulation [6]. Similarly, DMC—comprising diabetic
retinopathy (DR), diabetic nephropathy (DN), and dia-
betic peripheral neuropathy (DPN)—substantially impact
quality of life [7]. Early identification and management of
these complications are crucial for preventing irrevers-
ible damage and improving patient outcomes.

Insulin resistance (IR) plays a fundamental role in vas-
cular complications and adverse outcomes among people
with diabetes [8—10]. While the euglycemic-hyperinsu-
linemic clamp technique remains the gold standard for
assessing insulin sensitivity [11-13], its clinical applica-
tion is limited by complexity, cost, and invasive nature.
The estimated glucose disposal rate (eGDR) has emerged
as a practical surrogate measure of insulin sensitivity, cal-
culated using readily available clinical parameters: waist-
to-hip ratio (WHR), waist circumference (WC), or body
mass index (BMI), along with hypertension status (HTN)
and glycated hemoglobin (HbAlc) [12].

The development and validation history of eGDR
merit careful consideration when interpreting its appli-
cations across different populations. Initially validated
against the hyperinsulinemic-euglycemic clamp in Type
1 diabetes (T1DM) [12], eGDR demonstrated a strong
correlation with insulin sensitivity in this population.
Subsequent clamp studies validated its utility in Type 2
diabetes (T2DM) [14]. Although direct clamp validation
in the general population is currently lacking, the biologi-
cal plausibility of eGDR as a marker of insulin resistance
is supported by its individual components, as hyperten-
sion, anthropometric measures, and HbAlc are closely
associated with insulin resistance and cardiovascular risk
in non-diabetic individuals [15-20]. Recent evidence has
demonstrated eGDR’s utility as a risk stratification tool
[21], particularly for cardiovascular outcomes in T1DM,
as shown in a recent systematic review [22].

Building upon existing evidence, some important ques-
tions remain to be addressed. While recent reviews have
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examined eGDR’s relationship with cardiovascular out-
comes in T1DM, less is known about its associations
with both cardiovascular and DMC across different pop-
ulations, and typical eGDR values in various population
groups have not been systematically summarized. There-
fore, our systematic review and meta-analysis aimed to
examine associations between eGDR and cardiovascu-
lar disease, DMC, and mortality in people with T1DM,
T2DM, and the general population. These findings may
contribute to our understanding of eGDR’s utility in clin-
ical risk assessment across different populations.

Methods

This systematic review and meta-analysis adhered to the
guidelines established in the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA)
2020 [23] (Additional file 1: Table 1). We registered the
protocol with the International Prospective Register of
Systematic Reviews Database (PROSPERO) under the
registration number CRD42024527263. The PRISMA
flow diagram is shown in Fig. 1.

Literature search and selection

Two independent reviewers searched the Medline,
EMBASE, Web of Science, and Cochrane Library data-
bases with no linguistic constraints from inception
up to Sep 1st, 2024. Both MeSH terms and free-text
terms were utilized in a combination of four key term
blocks:"eGDR,"CVD,"diabetic microangiopathy,"and"m
ortality"(Additional file 1: Table 2).

Adhering to research integrity standards, we included
all observational studies that furnished insights into asso-
ciations between eGDR and the risk of CVD,DMC, and
mortality. Studies were included if they met the follow-
ing criteria: (1) they were observational studies, includ-
ing cross-sectional, retrospective and prospective cohort
studies, or randomized controlled trials (RCTs); (2) they
enrolled the general population or patients with DM;
(3) studies presented data on the association between
eGDR and the risk of CVD, DMC, and mortality. Studies
were excluded if they: (1) involved nonhuman subjects;
(2) were case reports (unless N> 10), editorials, proto-
cols, commentaries, abstracts, or registered trials with-
out results; or (3) lacked a clear methodology for data
extraction.

We employed a hierarchical approach in our analy-
sis strategy. For cohort studies reporting hazard ratios
(HRs) with 95% confidence intervals (CIs), we conducted
quantitative meta-analyses using either directly reported
per-unit HRs or standardized HRs derived from cat-
egorical data using established dose-response methods.
Cohort studies meeting inclusion criteria but lacking suf-
ficient data for HR standardization were included in the
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Fig. 1 The PRISMA flow diagram

narrative synthesis. Regarding cross-sectional studies,
we excluded them from meta-analyses when compara-
ble cohort data were available for the same population
and outcome. However, in cases where cohort data were
insufficient or unavailable, we incorporated cross-sec-
tional studies into the narrative synthesis to provide com-
plementary evidence on eGDR-outcome associations.

Definitions of eGDR and outcomes
The eGDR (mg/kg/min) was determined using the fol-
lowing formulas:

A eGDRyp= 24.31 — (12.22 * WHR) — (3.29 * HT) —
(0.57 * HbAlc).

B eGDRyc= 21.16 — (0.09 xWC) — (3.41 xHTN) —
(0.55 x HbAc).

C eGDRpy, = 19.02 — (0.22 XBMI) — (3.26 x HTN) —
(0.61 x HbA1c).

The waist-to-hip ratio (WHR) is calculated by divid-
ing the waist circumference by the hip circumference.
Hypertension is a binary variable indicating the presence
(1) or absence (0) of hypertension. HbA1lc is expressed as
a percentage. Hypertension is defined as either treatment
with antihypertensive medication or systolic blood pres-
sure (SBP) greater than 140 mm Hg or diastolic blood
pressure (DBP) greater than 90 mm Hg [12, 14].

This meta-analysis focused on two primary objec-
tives: first, to explore the association between eGDR
and the risk of CVD, DMC and mortality; and second,
to estimate the overall mean level of eGDR in differ-
ent populations. CVD was primarily defined using
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standardized diagnostic codes from the International
Classification of Diseases, 10th Revision (ICD-10),
encompassing coronary artery disease (CAD, 120-125),
stroke (I160-169), and peripheral arterial disease (PAD,
170-179). While one study included self-reported CVD
outcomes [24], we systematically addressed this defini-
tional heterogeneity through stratified analyses. DMC
includes DR, diabetic nephropathy (DN), and diabetic
peripheral neuropathy (DPN). Mortality was defined as
all-cause mortality. Detailed definitions of clinical out-
comes in each study are presented in Additional file 1:
Table 3.

Data extraction and quality assessment

Two reviewers independently scrutinized the titles,
abstracts, and full texts of studies to determine eligibil-
ity. Data extracted include study characteristics such
as authors, study design, location, sample size, data
source, timing of data collection, participant demo-
graphics (age and sex), duration of DM, duration of
follow-up, and eGDR levels. Event counts, crude and
adjusted HRs, along with their 95% ClIs for each out-
come, were also recorded. For studies using overlap-
ping cohorts but reporting on distinct outcomes, all
relevant studies were incorporated into the pooled
analysis for their respective outcomes. Any discrepan-
cies and disagreements in the data extraction process
were resolved through collaborative discussion, with a
third researcher examining the original data to reach a
consensus.

A validated 14-item quality assessment tool devel-
oped by the National Institutes of Health (NIH) was
used to assess the quality of each study (available at
https://www.nhlbi.nih.gov/health-topics/study-quality-
assessment-tools). Each item was categorized as "yes" (1
point), "no" (0 points), "not reported”, or "not applica-
ble." A score of 1 point was assigned if the item was
adequately described, and 0 points if it lacked sufficient
description or did not meet the quality criteria. "Not
reported” was used when the item lacked a clear descrip-
tion, and "not applicable” when the assessment crite-
ria could not be met. The maximum attainable score
was 14 points for longitudinal studies and 11 points for
observational and cross-sectional studies. For longitu-
dinal studies, scores were categorized as high quality (>
9 points), medium quality (4—9 points), and low quality
(< 4 points). For cross-sectional studies, high quality was
defined as >7 points, medium quality as 3-7 points, and
low quality as <3 points. Medium- and low-quality stud-
ies were considered high-risk publications. Two inde-
pendent reviewers conducted the evaluations, resolving
any discrepancies through discussion.
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Data synthesis and statistical analyses

We conducted quantitative synthesis using R software
(version 3.4.0). HRs for CVD, DMC, and all-cause mor-
tality were pooled using random-effects models. For
cohort studies reporting HRs by eGDR quantiles, we
standardized the effects to represent per-unit increases
in eGDR using established dose—response methodology.
This transformation required the following data elements
from each study: eGDR category boundaries, event
counts, participant numbers per category, adjusted HRs,
and their 95% confidence intervals (CIs). The methodol-
ogy assumed normally distributed exposure variables and
log-linear exposure-outcome relationships [25, 26].

We employed the DerSimonian-Laird random-effects
method to synthesize the reported HRs and their 95%
ClIs [27]. For studies reporting multiple effect estimates
for the same outcome, we selected the most relevant
adjusted estimate to avoid unit-of-analysis errors (Addi-
tional file 1: Table 4). A separate meta-analysis was
conducted to pool the mean eGDR levels across stud-
ies using untransformed means (MRAW) and standard
deviations (SDs). The overall eGDR estimates and their
95% Cls were calculated using inverse variance weight-
ing [28]. Results were visualized through forest plots, and
between-study heterogeneity was quantified using I* sta-
tistics and tau? with corresponding 95% Cls [27, 29].

We conducted comprehensive subgroup analyses to
investigate potential sources of heterogeneity across pre-
defined stratification factors, including mean age (< 30
versus >30 years), geographical location (Europe versus
North America), study site characteristics (single-center
versus multicenter), sample size (< 1000 versus >1000
participants), follow-up duration (< 10 versus > 10 years),
diabetes duration (< 20 versus > 20 years), and eGDR for-
mulas (eGDRyypr, €GDRy, or e GDRpypp).

To evaluate the robustness of our findings, we per-
formed three distinct sensitivity analyses. The first anal-
ysis examined the stability of risk estimates for CVD,
DMC, and mortality across three levels of covariate
adjustment: Model I (unadjusted or adjusted for age and
sex only), Model II (Model I plus diabetes duration), and
Model III (Model II plus demographic factors and con-
ventional CVD risk factors at baseline). We also per-
formed leave-one-out sensitivity analyses by sequentially
excluding individual studies to examine their influence
on the pooled estimates and identify potential outli-
ers. Third, considering the variation in CVD definitions
across studies, we assessed the impact of this heterogene-
ity by specifically addressing studies that relied on self-
reported CVD. For studies included in the meta-analysis,
we performed additional sensitivity analyses to evaluate
their impact on the overall pooled estimates. For studies
included in the narrative synthesis, we provided detailed
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explanations in the corresponding sections to account
for the potential limitations associated with self-reported
CVD.

Reporting bias assessment and certainty assessment

A funnel plot and Egger’s test were planned to assess
publication bias and small-study effects if more than six
studies reported data on the same outcome [30]. The
Grading of Recommendations, Assessment, Develop-
ment, and Evaluation (GRADE) approach [31] was used
to evaluate the certainty of the evidence, categorizing it
as high, moderate, low, or very low based on evaluation
criteria.

Results

Study selection

Our literature search initially identified 1,242 records.
After removing duplicates and screening titles and
abstracts, 94 articles were selected for full-text review.
Following detailed evaluation, 25 articles were excluded:
8 due to duplicate data sources and 17 due to irrelevant
outcomes (Additional file 1: Table 5). The final analysis
included 69 studies for systematic review, of which 63
were eligible for quantitative synthesis and 6 were eligible
for narrative synthesis (Fig. 1). Among the included stud-
ies, 19 investigated the associations between eGDR and
clinical outcomes (CVD, DMC, and all-cause mortality),
while 50 studies reported mean eGDR values in diabetic
populations.

Study characteristics

Again, the included 19 observational studies examined
the associations between eGDR and clinical outcomes
(CVD, DMC, and mortality) (Table 1). These comprised
17 cohort studies and 2 cross-sectional studies, with a
total enrollment of 185,810 participants. The geographi-
cal distribution of the studies was diverse: six from North
America (five studies conducted in the United States and
one study conducted across the United States and Can-
ada), seven from Europe (four Swedish, one Italian, one
Finnish, and one study from the Netherlands), five from
Asia (all conducted in China), and one study conducted
across the United States and Italy. Individual study sam-
ple sizes varied considerably, ranging from 366 to 104,697
participants. For the analysis of mean eGDR levels, we
included 50 studies (Additional file 1: Table 6), with 46
studies focusing on T1DM and four on T2DM.

Study quality assessment

All 19 studies examining the associations between eGDR
and clinical outcomes (CVD, DMC, and mortality) were
rated as "high quality" using the NIH quality assessment
tool (Additional file 1: Table 7). Among the 50 studies
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included in the analysis of mean eGDR levels, 28 (56%)
achieved "high quality" ratings, while the remaining 22
(44%) were assessed as "medium quality"(Additional
file 1: Table 8).

eGDR and the risk of CVD

Nine studies investigated the association between eGDR
and CVD risk across different populations. Of these, six
studies conducted in patients with TIDM (Helmink 2021
[35], Garofolo 2020 [8], Miller 2019 [36], Nystrom 2018
[37], Kilpatrick 2007 [38], Olson 2002 [39]) were included
in a meta-analysis. Two studies in patients with T2DM
(Zabala 2021 [41], Nystrom 2017 [47]) were included in a
narrative analysis, while one study conducted in the gen-
eral population (Zhang 2024 [48]) was also included in a
narrative analysis (Table 1).

Our findings revealed that each unit increase in eGDR
was associated with an HR of 0.78 (95% CI: 0.69-0.87,
I>= 68%, °= 0.0127, p< 0.01), indicating a significant
protective effect against CVD risk (Fig. 2A). Subgroup
analyses in T1IDM patients demonstrated the consistency
of this protective association across various stratifica-
tion factors, including age, geographical location, study
center, sample size, follow-up duration, and eGDR for-
mula. Notably, studies using the eGDR formula A exhib-
ited higher heterogeneity (I*= 80%, p < 0.01) compared to
those using formula C (I?= 0%, p= 0.59), suggesting that
the choice of eGDR formula may be a potential source of
heterogeneity (Table 2).

For T2DM, two studies (Zabala 2021 [41], Nystrom
2017 [47]) reported the association between eGDR and
CVD risk using stratified eGDR levels. Both studies con-
sistently demonstrated an inverse association between
eGDR levels and CVD risk in patients with T2DM. Sim-
ilarly, in the general population, Zhang Z et al. demon-
strated a per-unit decrement in eGDR was associated
with an aHR of 1.10 (95% CI: 1.06-1.13), further sup-
porting the protective role of higher eGDR levels against
CVD risk across broader populations (Table 3). However,
it is important to note that the CVD outcomes in Zhang
Z et al’s study were self-reported, which may introduce
potential bias and affect the accuracy of the observed
associations.

eGDR and the risk of DMC

Six studies (total n= 28,308) examined the relationship
between eGDR and DMC. Among patients with T1DM,
a meta-analysis of three studies (Linn 2023 [32], Mao
2022 [33], Kilpatrick 2007 [38]) showed no statistically
significant association between eGDR levels and DMC
risk (HR 0.86; 95% CI 0.72-1.03; I>= 25%) (Fig. 2B). In
contrast, in T2DM populations, a narrative synthesis of
three studies (Zhang Y 2024 [44], Xu 2024 [45], Meng
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A. Risk of CVD in T1IDM

Study N Cases Hazard Ratio HR [95% CI] Weight
Helmink 2021 195 25 —— 0.75[0.61; 0.92] 14.4%
Garofolo 2020 774 49 —— 0.78[0.66; 0.91] 17.4%
Miller 2019 604 236 S 0.90[0.84; 0.97] 24.0%
Nystrom 2018 17050 1793 —— 0.83[0.69; 1.00] 15.5%
Kilpatrick 2007 1337 104 —— 0.70[0.56; 0.88] 12.8%
Olson 2002 586 70 —i— 0.66 [0.55; 0.79] 15.8%
Overall (/* = 68%, 7° = 0.0127, p < 0.01) - 0.78 [0.69; 0.87] 100.0%
f T 1

0.5 0.75 1 1.5
B. Risk of DMC in T1IDM
Study N Cases Hazard Ratio HR [95% CI] Weight
Linn 2023 22146 9879 —8— 0.83[0.60; 1.14] 23.9%
Mao 2022 957 458 — 1.18[0.77;1.79] 15.5%
Kilpatrick 2007 1337 242 —— 0.81[0.69; 0.95] 60.6%
Overall (/* = 25%, 7* = 0.0072, p = 0.26) - 0.86 [0.72; 1.03] 100.0%

I 1

0.5 1 2
C. Risk of Mortality in TIDM
Study N Cases Hazard Ratio HR [95% CI] Weight
Helmink 2021 195 27 0.81[0.67;0.98] 9.0%
Harjutsalo 2021 729 181 0.83[0.76; 0.91] 40.0%
Garofolo 2020 774 57 0.83[0.72; 0.96] 16.5%
Nystrom 2018 17050 946 0.88[0.77;1.00] 18.8%
Olson 2002 655 68 0.81[0.70; 0.93] 15.7%
Random effects model 0.83 [0.79; 0.88] 100.0%
Heterogeneity: 1>=0%,1°=0, p=0.93 ' I

0.5 1.5
D. Risk of Mortality in T2DM
Study N Cases HR [95% CI] Weight
Ciardullo 2023 3553 1054 0.87[0.82; 0.92] 54.7%
Zabala 2021 104697 3232 0.94[0.87;1.01] 45.3%

Overall (/*=62%, ©* = 0.0019, p = 0.10)

I
0.2

E. Risk of Mortality in General Poupulaton

0.90 [0.84; 0.97] 100.0%

Study N Cases Hazard Ratio HR [95% CI] Weight

He 2024 14628 NR E 0.90[0.86;0.94] 66.7%

Sun 2023 1826 334 —I— 0.84[0.77;0.92] 33.3%

Overall (/> = 48%, v = 0.012, p = 0.17) I ‘ | | 0.88 [0.82; 0.94] 100.0%
06 075 1 1.5
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Fig. 2 Forest plots showing the association between exposure levels and various health outcomes in different populations. A Risk of cardiovascular
disease (CVD) in type 1 diabetes mellitus (T1DM) patients (6 studies, n= 20,546). B Risk of microvascular complications in T1DM patients (3 studies,
n=24,440). C Risk of mortality in TIDM patients (5 studies, n= 19,403). D Risk of mortality in type 2 diabetes mellitus (T2DM) patients (2 studies, n=
108,250). E Risk of CVD in general population (2 studies, n= 13,779). F. Risk of mortality in general population (2 studies, n= 16,454). The forest plots
show hazard ratios (HRs) with 95% confidence intervals (Cls). I indicates the percentage of variation attributable to heterogeneity, T° represents

the between-study variance, and p-values are for heterogeneity tests. NR =Not Reported
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Table 2 Subgroup analysis of eGDR on CVD and all-cause mortality in patients with TIDM

Subgroup No. of studies  HR (95% Cl) Tests for heterogeneity Subgroup

differences

12 v P P

Outcome =CVD 6 0.78 (0.69—0.87) 68.00% 0.013 <001

Age, years

Mean age < =30 3 0.76 (0.60—0.95) 84.90% 0.034 <001 0.79

Mean age >30 3 0.78 (0.71-0.87) 0% 0 0.76

Geographical location

Europe 3 0.76 (0.60—0.95) 84.90% 0.034 <0.01 0.79

North America 3 0.78 (0.71—0.87) 0% 0 0.76

Single vs multicentric center

Single-center study 4 0.78 (067—0.91) 77.30% 0.017 <0.01 0.94

Multi-center study 2 0.77 (066—0.91) 22.40% 0.003 0.26

Sample size

<=1000 4 0.78 (0.67—0.91) 77.30% 0017 <001 0.94

> 1000 2 0.77 (0.66—0.91) 22.40% 0.003 0.26

Follow-up, years

<=10 3 0.73 (0.63—0.84) 36.10% 0.006 0.21 0.19

>10 3 0.83 (0.73—0.94) 61.80% 0.008 0.07

eGDR formula

A 4 0.76 (0.64—0.90) 80.00% 0.025 <0.01 <0.01

C 2 0.80 (0.71—0.90) 0% 0 0.59

Outcome = All-cause mortality 5 0.83 (0.79—0.88) 0% 0 0.93

Single vs multicentric center

Single-center study 3 0.82 (0.75—0.89) 0% 0 0.94 0.58

Multi-center study 2 0.84 (0.78—0.91) 0% 0 0.49

Duration of diabetes

Mean duration < =20 3 0.81 (0.72—0.91) 0% 0 0.97 0.53

Mean duration > 20 2 0.84 (0.79—0.90) 0% 0 0.78

Follow-up, years

<=10 2 0.84 (0.77—0.93) 0% 0 0.39 0.75

>10 3 0.83 (0.77—0.89) 0% 0 097

eGDR formula

A 0.82 (0.77—0.88) 0% 0 0.93 049

C 0.86 (0.78—0.94) 0% 0 0.6

The formula for calculating eGDR: A. e GDRWHR = 24.31-12.22*(WHR)-3.29*(HTN)-0.57*(HbA1c); C. e GDRWC =21.158 — 0.09*(WC) — 3.407*(HTN) — 0.551* (HbA1c)

CVD Cardiovascular disease

2023 [46]) consistently demonstrated an inverse associa-
tion between eGDR levels and the risk of DMC, with all
studies analyzing eGDR as a continuous variable. Lower
eGDR levels, whether expressed as per-unit or per-stand-
ard deviation decreases, were significantly associated
with higher odds of DMC.

eGDR and all-cause mortality

Nine studies (total n= 144,107) investigated the asso-
ciation between eGDR and all-cause mortality across
different populations. In T1DM patients (1 =19,403),
a meta-analysis of five studies (Helmink 2021 [35],

Harjutsalo 2021 [34], Garofolo 2020 [8], Nystrom 2018
[37], Olson 2002 [39]) demonstrated that each 1-unit
increase in eGDR (mg/kg/min) was associated with a
reduced risk of mortality (HR 0.83; 95% CI 0.79-0.88;
I>= 0%) (Fig. 2C). Subgroup analysis revealed consistent
protective effects of higher eGDR levels across different
study characteristics. No significant subgroup differences
were observed for study center, duration of diabetes, fol-
low-up duration, or eGDR formula used, indicating the
robustness of the observed association.

Similar associations were observed in both T2DM
patients (n =108,250; two studies: Ciardullo 2023 [40],
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Table 3 Narrative synthesis of studies examining the association between eGDR and clinical outcomes in the general population and

patients with T2DM

Study Cases N eGDR comparison method Effect Size

eGDR and the risk of CVD in patients with T2DM

Zabala 2021 [41] 4,201 104,697 Per unit decrease aHR: 1.05 (1.04-1.07)

Nystrom 2017 [47] 667 3,256 eGDR: median 3.6 (IQR:2.8-4.1) aHR:1.24 (1.00-1.55)
eGDR: median 5.4 (IQR: 5.0-5.9) aHR:1.11 (0.90-1.38)
eGDR: median 8.1 (IQR:7.5-8.8) aHR: 1

eGDR and the risk of DMC in patients with T2DM

Zhang'Y 2024 [44] 198 366 eGDR <9.15 vs. eGDR >9.15 (ref) aOR: 1.75 (1.01-3.03)

Xu 2024 [45] 442 1,740 Per 1 SD decrease aOR: 263 (2.27-3.13)

Meng 2023 [46] 348 1,762 Per 1 uinit decrease aOR: 1.58 (1.31-1.89)

eGDR and the risk of CVD in general population

Zhang Z 2024 [48] 1213 5512 Per 1 unit decrement aHR: 1.10 (1.06-1.13)

CVD Cardiovascular disease, DMC Diabetic microvascular complications, SD Standard deviation, aOR Adjusted odds ratio, aHR Adjusted hazard ratio

Zabala 2021 [41]; pooled HR 0.90; 95% CI 0.84—0.97; I>=
62%) (Fig. 2D) and the general population without diabe-
tes (n =16,454; two studies: He 2024 [42], Sun 2023 [43];
pooled HR 0.88; 95% CI 0.82—0.94; I>= 48%) (Fig. 2E).

Overall eGDR levels in diabetic patients

Our meta-analysis included 50 studies examining mean
eGDR levels in diabetic patients (46 studies in TIDM
and 4 studies in T2DM). The pooled mean eGDR level
in patients with TIDM was 8.19 mg/kg/min (95% CI
7.81-8.57; 1= 99%). The pooled mean eGDR level in
patients with T2DM was lower (7.03 mg/kg/min; 95%
CI 4.89-9.17; I>’= 100%) (Additional file 1: Fig. S1 and
Fig. S2). Subgroup analysis by eGDR formula (A, B, and
C) showed pooled mean eGDR levels of 7.97 mg/kg/min
(95% CI: 7.40-8.55), 8.28 mg/kg/min (95% CI: 7.44-9.12),
and 8.73 mg/kg/min (95% CI: 7.84-9.61), respectively.
However, the test for subgroup differences (x*= 1.97, df
=2, p= 0.37) indicated that formula choice was not a
source of heterogeneity (Additional file 1: Table 9).

Sensitivity and additional analyses
We performed multiple sensitivity analyses to evalu-
ate our findings. Analyses stratified by adjustment levels
(Additional file 1: Fig. S3 and Fig. S4) showed consist-
ent results for CVD and DMC risks in T1DM patients
across all adjustment levels. For TIDM mortality, results
remained consistent with adjustments II and III, while
adjustment I showed negative results (Additional file 1:
Fig. S5). Leave-one-out sensitivity analysis demonstrated
stable pooled HRs for CVD, DMC, and mortality, sug-
gesting no single study substantially influenced the over-
all results (Additional file 1: Fig. S6—Fig. S10).
Publication bias assessment showed symmetrical dis-
tributions for overall eGDR levels in T1IDM patients

(Additional file 1: Fig. S11). However, publication bias
could not be reliably assessed for other outcomes due to
limited available datasets.

Using the GRADE methodology, we evaluated the cer-
tainty of evidence for each outcome. The evidence for
CVD risk in TIDM patients was rated as very low due
to significant inconsistency. Low certainty ratings were
assigned to the evidence for DMC and all-cause mortal-
ity in T1DM patients, as well as CVD risk in the general
population, the latter primarily due to notable inconsist-
encies. Evidence certainty for overall eGDR levels in both
T1DM and T2DM patients was rated as very low due to
imprecision (Additional file 1: Table 10).

Discussion
In our meta-analysis of 69 studies, we identified several
key findings. First, each 1-unit (mg/kg/min) increase in
eGDR was associated with a 22% reduced risk of cardio-
vascular disease in T1IDM (HR 0.78; 95% CI: 0.69-0.87),
with similar protective associations observed in T2DM.
Second, while each 1-unit increase in eGDR showed no
significant association with diabetic complications in
T1IDM (HR 0.86; 95% CI 0.72-1.03), it demonstrated
consistent inverse associations with complication risk in
T2DM. Third, each 1-unit increase in eGDR was associ-
ated with reduced all-cause mortality across all popula-
tions, including TIDM (HR 0.83; 95% CI 0.79-0.88),
T2DM (HR 0.90; 95% CI 0.84-0.97), and the general pop-
ulation (HR 0.88; 95% CI 0.82—0.94). Finally, we observed
distinct patterns of insulin sensitivity between diabetes
types, with T1DM patients showing higher mean eGDR
levels (8.19 mg/kg/min; 95% CI 7.81-8.57) compared to
T2DM patients (7.03 mg/kg/min; 95% CI 4.89-9.17).
While insulin resistance is a well-established risk fac-
tor for adverse health outcomes, its clinical assessment
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remains challenging. Our findings provide evidence
supporting eGDR as a practical tool for risk stratifica-
tion across different populations. Recent work by Sun
et al. demonstrated the association between eGDR and
cardiovascular outcomes specifically in TIDM [22],
highlighting the need for a broader investigation. Our
meta-analysis contributes to this developing area by
examining eGDR’s associations with multiple clinical
endpoints across diverse populations. In people with
T1DM, our findings align with Sun et al’'s work [22],
showing that higher eGDR levels were significantly
associated with lower CVD risk. This relationship
may be mediated through multiple pathways, includ-
ing improved endothelial function, reduced inflamma-
tion, and better metabolic control [49]. The extension
of these findings to type 2 diabetes and general popu-
lations represents a novel contribution to the field.
While methodological heterogeneity prevented pooling
of type 2 diabetes cardiovascular outcomes, individual
studies suggest similar protective associations. The sig-
nificant association in the general population with min-
imal heterogeneity (I>= 0%) indicates that eGDR might
have broader applications beyond diabetes care.

Another finding was the difference in eGDR levels
between T1DM and T2DM. The lower mean eGDR
values were observed in people with T2DM compared
to those with T1DM. This pattern may reflect patho-
physiological differences between these diabetes types
and their associated metabolic profiles. Type 2 diabe-
tes is primarily characterized by insulin resistance and
metabolic syndrome features, with approximately 85%
of patients being overweight or obese [50]. The eGDR
formula was initially validated in T1IDM [12], and our
observation of systematically lower values in T2DM
suggests that population-specific thresholds might be
needed for optimal risk stratification in different diabe-
tes types.

The consistency of these associations across various
populations has important clinical implications. For
T1DM patients, this highlights the importance of lifestyle
interventions and cardiovascular risk factor management
beyond glycemic control alone. In T2DM, where insulin
resistance is a primary pathophysiological feature, strat-
egies focusing on enhancing insulin sensitivity through
lifestyle modifications, weight management, and appro-
priate pharmacological interventions may be particularly
beneficial for cardiovascular protection.

The relationship between eGDR and DMC appears
more complex. While our analysis did not demonstrate
a statistically significant association in TIDM (HR 0.86;
95% CI 0.72—-1.03), this may reflect limitations in current
evidence rather than an absence of effect. The emerg-
ing evidence in T2DM regarding specific complications
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suggests potential relationships that warrant further
investigation.

We also investigated the all-cause mortality across dif-
ferent populations. In people with T1DM, higher eGDR
levels were associated with significantly lower mortality
risk (HR 0.83; 95% CI 0.79-0.88), with remarkable con-
sistency across studies (I’= 0%). Similar associations
were observed in T2DM (HR 0.90; 95% CI 0.84—-0.97) and
general populations (HR 0.88; 95% CI 0.82-0.94), though
with moderate heterogeneity. These findings suggest
that eGDR may serve as a valuable predictor of mortal-
ity risk, potentially reflecting its ability to capture multi-
ple aspects of metabolic health. The stronger association
observed in TIDM compared to T2DM might indicate
that insulin sensitivity plays a particularly crucial role in
determining long-term outcomes in this population.

Strength and limitations

Our meta-analysis is the first comprehensive summary of
research on eGDR and its associations with CVD, DMC,
and all-cause mortality, providing an evidence-based
foundation for clinical practice. It highlights the impor-
tance of eGDR in predicting macrovascular and micro-
vascular complications and in prognostic assessment, not
only in the general population but also among individuals
with diabetes (Fig. 3). However, several important limi-
tations of our study warrant careful consideration. First,
the number of available studies was limited, particularly
for analyses in T2DM and general populations, which
may affect the reliability of our findings in these groups.
While meta-analyses are technically feasible with as few
as two studies, the interpretation of results from popula-
tions with fewer than five studies should be considered
preliminary. Second, the GRADE assessment revealed
varying levels of evidence certainty across outcomes. The
evidence for cardiovascular risk in TIDM was rated as
very low due to significant inconsistency, while evidence
for microvascular complications and all-cause mortal-
ity in T1DM received low certainty ratings. These rat-
ings reflect both the inherent limitations of observational
studies and the presence of heterogeneity across studies.
Additionally, publication bias assessment was limited
by the small number of available studies for several out-
comes, though analyses of eGDR levels in T1DM showed
symmetrical distributions. While our standardization of
effects to represent per-unit increases in eGDR aimed
to enhance comparability across studies, the variation
in reporting methods may have introduced some meth-
odological heterogeneity. The observational nature of
included studies also precludes direct causal inference,
suggesting that the clinical application of eGDR requires
further validation, particularly in T2DM and general
populations where evidence remains limited.
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CVD risk 1

DR risk?

DN risk?
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Mortality risk {

DPN risk?

Fig. 3 Schematic diagram of the relationship between eGDR and various health outcomes. eGDR (estimated glucose disposal rate) is influenced
by three key components: HbA1c (glycated hemoglobin), WHR (waist-to-hip ratio), and HT (hypertension), as shown in the central portion. Lower
eGDR levels are associated with increased risks of cardiovascular disease (CVD) and all-cause mortality (shown on both sides). The potential
associations between eGDR and microvascular complications including diabetic retinopathy (DR), diabetic nephropathy (DN), and diabetic
peripheral neuropathy (DPN) require further investigation (shown at the bottom)

Conclusions

Our study suggests that eGDR could potentially serve as
a clinical tool for risk stratification and outcome predic-
tion. The observed associations between higher eGDR
and improved outcomes indicate that strategies targeting
insulin sensitivity may have beneficial effects on patient
care. While these findings provide insights into the
potential utility of eGDR in clinical practice, population-
specific thresholds and implementation strategies need
to be established through further prospective studies
before widespread clinical adoption.
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