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Abstract

Objectives: This study aims to assess the association between the estimated glucose disposal rate (eGDR) and the risk of
diabetic microvascular complications in patients with TIDM.

Methods: A systematic search of PubMed, Scopus, and Web of Science was conducted up to August 2024, including
studies that examined the relationship between eGDR and diabetic retinopathy (DR), diabetic kidney disease (DKD), and
diabetic neuropathy (DN) in patients with TIDM. A meta-analysis was performed to compare the eGDR values in patients
with and without microvascular complications and assess the risk of these complications.

Results: 22 studies were included. Lower eGDR values were significantly associated with a higher risk of microvascular
complications. Specifically, a one-unit increase in eGDR was associated with a 18% reduction in the risk of DKD (ES: 0.82,
95% Cl: 0.74-0.92), a 21% reduction in the risk of DR (OR: 0.79, 95% ClI: 0.73—0.85). Patients with DKD, DR, and DN had
eGDR values significantly lower by 1.29, 0.75, and 0.64 units, respectively, compared to those without complications.
Conclusion: This meta-analysis highlights the potential role of eGDR as a non-invasive marker for the early detection of
microvascular complications, highlighting the importance of regular eGDR monitoring to facilitate timely interventions.
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Introduction

Diabetes mellitus (DM) is a major global health challenge
due to its high prevalence worldwide. In 2021, approxi-
mately 529 million people were living with DM globally,
and the prevalence is projected to exceed 16% in the
Middle East and North Africa by 2050." DM is associated
with various complications, particularly microvascular
complications, which affect 57.6% of patients, with dia-
betic retinopathy (DR) being the most prevalent.” Addi-
tionally, diabetic neuropathy (DN) and diabetic kidney
disease (DKD) have a prevalence of 16% and 15%, re-
spectively.® Early management of these complications can
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lead to better clinical outcomes.* Therefore, the intro-
duction of new, affordable, and easy-to-calculate markers
could play an important role in the early detection of these
complications.

Insulin resistance (IR) is significantly associated with an
increased risk of diabetic microvascular complications.’
This association is mediated by several mechanisms.
Hyperglycemia induced by IR increases the formation of
advanced glycation end products (AGEs) and oxidative
stress, which damage vascular endothelial cells.® More-
over, insulin acts as a vasodilator by increasing nitric oxide
(NO) production.” Consequently, IR can decrease NO
synthesis, leading to abnormal angiogenesis and vascular
complications.” Additionally, IR is associated with a low-
grade inflammatory state due to the release of pro-
inflammatory cytokines.® Elevated inflammatory markers
significantly increase the risk of DM comorbidities, in-
cluding both microvascular and macrovascular complica-
tions.” These mechanisms suggest that a marker of IR could
be associated with the vascular complications of DM.

The hyperinsulinemic-euglycemic clamp (HEC) is the
gold standard for measuring IR.'® However, its clinical use
is limited due to its cost, time requirements, and inva-
siveness. Consequently, new markers have been developed
to assess IR. The estimated glucose disposal rate (¢GDR) is
a useful tool for predicting IR based on easily measurable
parameters such as waist circumference (WC), body mass
index (BMI), and glycated hemoglobin (HbAlc)."" There
is a significant relationship between IR and eGDR, with
lower eGDR values indicating more severe IR.'*'? Fur-
thermore, WC and hypertension (HTN), which are primary
components of eGDR, are diagnostic criteria for metabolic
syndrome (MetS). EGDR is also significantly associated
with an increased risk of cardiovascular events in patients
with DM, suggesting that it may serve as a marker of
MetS.'*'® Recent studies have also demonstrated signif-
icant relationships between eGDR values and DM mi-
crovascular complications, showing that eGDR levels can
significantly predict the risk and progression of these
complications. For instance, Linn et al. reported an in-
creased risk of DR and DKD in patients with an eGDR of
less than 4.'” Similarly, lower eGDR values can predict the
progression of DKD.'® These findings indicate the po-
tential role of eGDR in predicting the risk of all-cause
mortality and complications in patients with DM.

Recent studies have investigated the relationship be-
tween eGDR levels and both microvascular and macro-
vascular complications of diabetes. A recently published
meta-analysis found that lower eGDR, as a marker of IR,
was associated with an increased risk of cardiovascular
disease and all-cause mortality.'® However, the association
between diabetic microvascular complications and this
index has not yet been thoroughly investigated and a
comprehensive systematic review is required to collect the

data from these studies into a single result with a larger
sample size, providing greater generalizability. Therefore,
we performed this study to summarize all available data on
the association between eGDR and diabetic microvascular
complications in patients with type 1 DM (T1DM).

Methods

This systematic review has adhered to the Preferred Re-
porting Items for Systematic Reviews and Meta-Analysis
(PRISMA)  guidelines."” (PROSPERO  registration:
CRDA42024590109).

Search strategy and study selection

We searched the online databases PubMed, Scopus, and
Web of Science from inception to August 2024. The search
strategy included keywords related to diabetic microvas-
cular complications (“diabetic retinopathy,” “diabetic
neuropathy,” and “diabetic nephropathy”) and (eGDR).
The full search strategy is available in the Supplemental
materials. There were no restrictions on language or
publication period. Two independent investigators (D.Z.
and P.S.) screened the included studies in two stages based
on title, abstract, and full text. Disagreements were re-
solved by a third reviewer (H.R.). The included studies
were imported into EndNote 21.2. Reference list of in-
cluded studies was also assessed to avoid missing studies.

Eligibility criteria

We included studies that met the following inclusion cri-
teria: (1) Population: individuals TIDM with no restric-
tions on age or gender; (2) Intervention (exposure): studies
reporting eGDR values for patients with T1DM; (3)
Comparison and outcome: studies comparing eGDR values
between patients with and without microvascular com-
plications as continuous outcome OR assessing the asso-
ciation between eGDR and risk of DR, DKD, and DN as
dichotomous outcome. We did not include the following
studies: (1) studies assessing eGDR values in patients with
T2DM; (2) non-English studies; (3) communications,
conference abstracts, and in vitro studies.

Data collection

Two investigators (D.Z. and P.S.) extracted the following
data using a standardized form: (1) study characteristics
(first author name, year of publication, country, study
design, and sample size); (2) participant characteristics
(age, follow-up time, duration of DM, and BMI); (3)
outcome characteristics (DR, DKD, and DN); (4) statistical
data (mean, standard deviation (SD), number of patients
with and without DR, DKD, and DN, hazard ratio (HR) or
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odds ratio (OR), and corresponding 95% confidence in-
terval (CI)); (5) data for cofounders (systolic blood pressure
(SPB), diastolic blood pressure (DPB), lipid profile, BMI,
WC and HbAlc).

Quality assessment and risk of bias

The quality of the included studies was assessed using the
Newecastle-Ottawa Scale (NOS) designed for observational
studies. In this scale, 9 points can be awarded to each study:
4 points for selection of participants, 2 points for com-
parability, and 3 points for assessing outcomes and ex-
posures.”’ Two investigators (D.Z. and P.S.) independently
assessed the quality of each study, and any disagreements
were resolved by discussion or by consulting a third re-
viewer (H.R.). Studies scoring 4 or fewer points were
considered high risk, those scoring 5-6 points were con-
sidered moderate risk, and those scoring 7 or more points
were considered low risk. We included low-risk studies
(NOS > 6).

Exposures and outcomes definition

The exposure in the included studies was the calculation of
eGDR. It was calculated using the following formulas:

1. eGDR =24.31 — (12.22 x WH) — (3.29 x HTN) —
(0.57 x HbAlc)

2. eGDR=21.158 — (0.09 x WC) — (3.407 x HTN) —
(0.551 x HbAlc)

3. eGDR =19.02 — (0.22 x BMI) — (3.26 x HTN) —
(0.61 x HbAlc)

In these equations, WC is waist circumference, WH is
waist-to-hip ratio and HTN indicates a current or past
history of hypertension (no = 0, yes = 1). HTN was defined
as an arterial pressure higher than 140/90 mmHg or the use
of antihypertensive medications. The primary and sec-
ondary outcomes of this study were to evaluate the asso-
ciation between eGDR and the risk of diabetic
microvascular complications OR to compare the eGDR
mean values in patients with and without microvascular
complications.

Statistical analysis

We used standardized mean differences (SMD) to compare
the mean and SD of eGDR values in patients with and
without diabetic microvascular complications, as eGDR
measurements were on a different scale. Additionally,
different effect sizes and methods were reported for the risk
of DKD per one-unit increase of eGDR. Two studies re-
ported HR calculated by Cox proportional hazard regres-
sion and 2 studies performed logistic regression. Given the

limited and heterogeneous number of included studies, a
combined meta-analysis of these effect sizes was con-
ducted. Oppositely, studies reported the same effect sizes
for the risk of DR per one-unit increase of eGDR. Indeed,
all studies reported OR calculated through a logistic re-
gression model. For each effect size, we calculated the
natural logarithm (In) of the effect sizes (OR and HR) and
their 95% ClIs per 1 unit increase of eéGDR to stabilize the
variances and normalize the distribution of the effect sizes.
We performed an inverse-variance weighted method to
calculate the summary effect size and 95% CI and to
combine the transformed effect sizes. The exponentiated
effect size and 95% Cls were reported as the final effect
size. We pooled cross-sectional and case-control studies
separately in each analysis to decrease the heterogeneity
between studies. An I* value greater than 50% in our
analysis indicated substantial heterogeneity. We used a
random-effect model for the meta-analyses, which ac-
counts for both within-study and between-study variability.
We also indicated that the P-value calculated from Co-
chrane’s Q-test for the risk of DKD per one-unit increase of
eGDR was greater than 0.05. This reveals that studies with
different effect sizes were relatively homogeneous in this
analysis. Furthermore, a sensitivity analysis was conducted
to evaluate the robustness of the pooled results.

We performed subgroup analysis and sensitivity analysis
to identify the source of heterogeneity between studies.
Subgroup analysis was performed according to mean values
of BMI, HbAlc, and duration of DM in patients with mi-
crovascular complications. In the sensitivity analysis, each
study was excluded to examine its influence on the overall
estimate. Publication bias was assessed using Egger’s test.
The meta-analysis was carried out using STATA, version 17.0
(StataCorp). A P-value < 0.05 was considered significant.

Results

Search result

A total of 5,273 studies were identified in the initial search.
These studies were sourced from PubMed (n = 1095), Web
of Science (n = 2350), and Scopus (n = 1828). No new
results were identified in Google Scholar. A total of
1112 duplicate studies were excluded. Subsequently, we
screened the remaining records based on the title and
abstract. Keywords related to eGDR and diabetic micro-
vascular complications were used in the initial screening. A
total of 4113 results did not meet the inclusion criteria. The
remaining studies (n = 48) were evaluated based on full-
text review. Finally, 22 studies met the inclusion criteria.
Two investigators performed the screening (D.Z. and (P.S.)
and disagreements were resolved by a third reviewer
(H.R.). Figure 1 illustrates the selection process of the
included studies.
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Figure 1. Process of study selection.

Baseline characteristics of included studies

Table 1 presents the baseline characteristics of the included
studies. These studies were conducted in Europe (n = 16),
America (n = 4), and Australia (n = 2), and were published
between 2003 and 2023. The total number of participants
was 29,457, with individual study sample sizes ranging
from 48 to 22,146. The mean age of the participants was
35.18 years. The mean duration of TIDM was 16.99 years.
This systematic review included cross-sectional (n = 19),
case-control (n = 2), and cohort studies (n = 1). Included
studies calculated the eGDR through three equations:
equation 1 (n = 12), equation 2 (n = 2), and equation 3 (n =
2). Five studies did not specify the method used to calculate

eGDR. The mean NOS score of the included studies
was 6.85.

Findings from meta-analysis

DKD and eGDR. Seven studies provided sufficient data for
analyzing eGDR values in patients with and without DKD.
Based on the analysis of cross-sectional studies, the eGDR
values in patients with DKD were 1.04 SD lower than those
without DKD (SMD: —1.04, 95% CI: —1.55t0 —0.53, p <
0.01; Figure 2). The analysis of case-control studies yielded
similar findings (SMD: —1.38, 95% CI: —2.69 to —0.07,
p = 0.04; Figure 3). Subgroup analysis identified no
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Table I. Baseline characteristics of included studies.

First author Sample Mean NOS Duration Mean Type of eGDR

(year) Country Design size age score of DM BMI complication equation

Bicu (2016)* Romania Cross- 140 4267 7 20.26 24.25 DR, DKD and DN |
sectional

Bulum (2012)** Croatia Cross- 353 38 7 16 24 DKD [
sectional

Chillaron (2009)'? Spain Cross- 9l 3967 6 16.74 2545 DR, DKD and DN |
sectional

Lam-Chung (2021)>®  Mexico  Cross- 70 36.6 6 23.6 24.1 DR, DKD and DN |
sectional

Clenciu (2019)%¢ Romania Cross- 200 N/A 6 16.21 24 DR |
sectional

DUTA (2015)°”°8%*  Romania Cross- 167 464 9 24.5 24.7 DR and DKD I
sectional

Duvnjak (2012)* Croatia  Cross- 298 N/A 6 N/A N/A DR and DKD |
sectional

Girgis (2012)% Australia Cross- 6l 19.9 8 7.8 25.2 DR, DKD and DN |
sectional

Kilpatrick (2007)>° UK Cross- 1337 26.7 7 N/A N/A DR and DKD |
sectional

Pop (2015)*® Romania Cross- 272 443 6 227 242 DR, DKD and DN |
sectional

Simoniene (2019)° Lithuania Cross- 200 39.9 6 16.4 24 DR, DKD and DN |
sectional

Gonzalez Milan Mexico  Cross- 48 314 6 N/A 25.6 DN |

(2017)%° sectional

Epstein (2013)?' USA Cross- 207 45 6 21 25.6 DR and DKD 2
sectional

Rowe (2017)°' Australia Cross- 107 24.7 8 10.8 26.8 DR 2
sectional

Heliwell (2020)* UK Cross- 2151 41 8 20 N/A DR and DKD 3
sectional

Linn (2023)"7 Sweden Cohort 22,146 21 9 N/A 235 DKD and DR 3

Gonzilez-Clemente Spain Cross- 120 2857 6 1.9 20.6 DN N/A

(2005)%2 sectional

Hadijadj (2007)% France  Cross- 160 42 6 N/A 245 DKD N/A
sectional

Nymark (2007)%* Finland  Case-control 477 N/A 8 N/A N/A DKD N/A

Saraheimo (2003)®>  Finland  Cross- 194 376 6 N/A 25 DKD N/A
sectional

Yishak (2005)%¢ USA Case-control 658 28 7 10 238 DKD N/A

NOS: Newcastle-Ottawa scale; DM: diabetes mellitus; DR: diabetic retinopathy; DKD: diabetic kidney disease; DN: diabetic neuropathy; eGDR: estimated

glucose disposal rate.

*Duta et al. reported the association between eGDR and DKD and DR in two separate studies.

significant heterogeneity factors (Table 2). Leave-one-out
analysis confirmed that all included studies produced
consistent findings (Supplemental Figure 1). Egger’s test
indicated no publication bias among the studies (p = 0.08).

Moreover, four studies assessed the risk of DKD per
one-unit increase in e€GDR. The analysis showed that a one-
unit increase in eGDR reduced the risk of DKD by 18%
(ES: 0.82, 95% CI: 0.74-0.92, p < 0.01; Figure 4). No
significant heterogeneity was observed among the studies

(* = 52.07%, p = 0.10). Sensitivity analysis confirmed that
the findings of each study were robust (Supplemental
Figure 2) and Egger’s test indicated no publication bias
in these studies (p = 0.308).

DR and eGDR. Only four cross-sectional studies provided
sufficient data for analyzing eGDR values in patients with
and without DR. The analysis demonstrated significantly
lower eGDR values in patients with DR than those without
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DKD non-DKD SMD Weight
Study N Mean SD N Mean SD with 95% CI (%)
Hadjadj (2007) 39 596 2.16 121 804 217 —h— -0.96 [-1.33, -0.58] 19.59
Saraheimo (2003) 63 39 16 67 76 21 —jl— -1.96 [-2.38, -1.54] 19.08
Simoniene (2019) 71 64 23 129 85 24 —— -0.88[-1.19, -0.58] 20.35
DUTA (2015) 87 5 19 80 73 21 B -1.15[-1.47, -0.82] 20.10
Pop (2015) 160 6.3 33 111 7.3 24 —l- -0.34[-0.58, -0.09] 20.88
Overall R -1.04 [-1.55, -0.53]
Heterogeneity: 7 = 0.31, I’ = 91.93%, H = 12.39
Testof ©, = 8;: Q(4) = 47.20, p = 0.00
Testof8=0:z=-4.00, p=0.00
2 -1 0
Random-effects REML model

Figure 2. Forest plot comparing eGDR values in DKD patients compared to patients without DKD in cross-sectional studies.

DR (SMD: —0.65, 95% CI: —0.96 to —0.35, p < 0.01;
Figure 5). Subgroup analysis indicated no source of het-
erogeneity (Table 2). Sensitivity analysis indicated that
omitting any single study did not significantly affect the
findings (Supplemental Figure 3). Egger’s test showed no
evidence of publication bias (p = 0.734).

Additionally, a one-unit increase in eGDR was asso-
ciated with a 21% reduction in the risk of DR (OR: 0.79,
95% CI: 0.73-0.85, p < 0.001; Figure 6). No publication
bias was detected (p = 0.454), and sensitivity analysis
confirmed the robustness of the included studies
(Supplemental Figure 4). Furthermore, the analysis re-
vealed a strong discriminatory value of eGDR for DR
(AUC = 0.687, 95% CI: 0.542-0.832).

eGDR and DN. Only four cross-sectional studies provided
the necessary data for inclusion in the analysis comparing
eGDR values in patients with and without DN. The
analysis revealed significantly lower eGDR values in

patients with DN than those without DN (SMD: —0.66,
95% CI: —0.94 to —0.39, p < 0.01; Figure 7). Subgroup
analysis demonstrated the duration of DM as a heteroge-
neous factor among studies (Table 2). Sensitivity analysis
indicated that the omission of any single study did not affect
the overall findings (Supplemental Figure 5). Furthermore,
no evidence of publication bias was detected (p = 0.963).

Findings from the systematic review

In addition, eight studies evaluated the association between
eGDR and DKD; however, they did not provide sufficient
information for inclusion in the analysis. Consistent with
previous findings, a significantly higher risk of DKD was
observed in patients with the lowest eGDR levels compared
to individuals in the highest eGDR category, used as the
reference group.'”*'** Bicu et al. reported a significantly
higher prevalence of DKD among patients in the lowest
quartile of €GDR.** Furthermore, several studies demonstrated

DKD non-DKD

Study N Mean SD N Mean SD

SMD
with 95% Cl

Weight
(%)

Yishak (2005) 42 6.8 2 42 82 2

Overall
Heterogeneity: T° = 0.86, I” = 96.45%, H’ = 28.20
Testof 6, = 6;: Q(1) = 28.20, p = 0.00
Testof8=0:z=-2.06, p=0.04

Random-effects REML model

Nymark (2007) 238 4.1 141 239 74 181

——e N -1.38 [-2,69, -0.07]

-2.03[-2.25, -1.81] 51.06

—l—  -069[-1.13,-0.25] 48.94

Figure 3. Forest plot comparing eGDR values in DKD patients compared to patients without DKD in case-control studies.
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Table 2. Subgroup analysis.

Number of effect sizes

(? P° SMD (95% Cl)

eGDR in DKD patients compared to controls (cross-sectional studies)

Overall 5 91.93 - —1.04 (—1.55 to —0.53)
Mean HbAIc in DKD patients
HbAlc < 9% 86.92 0.07 —0.60 (—1.14 to —0.07)
HbAlc > 9% 3 86.82 —1.35 (—1.94 to —0.75)
Mean BMI in DKD patients
BMI < 25 kg/m? 3 87.47 0.23 —0.78 (—1.25 to —0.31)
BMI > 25 kg/m? 2 91.83 —1.45 (—2.44 to —0.47)
Duration of DM in DKD patients
<25 years 3 96.19 0.98 —1.05 (—1.98 to —0.12)
>25 years 2 0.00 —1.06 (—1.31 to —0.82)
eGDR in DR patients compared to controls (cross-sectional studies)
Overall 4 77.04 - —0.65 (—0.96 to —0.35)
Mean HbAIc in DR patients
HbAlc < 9% 3 85.11 0.99 —0.66 (—1.08 to —0.23)
HbAlc > 9% I - —0.66 (—0.98 to —0.34)
Mean BMI in DR patients
BMI < 25 kg/m? 3 85.11 0.99 —0.66 (—1.08 to —0.23)
BMI > 25 kg/m? [ - —0.66 (—0.98 to —0.34)
Duration of DM in DR patients
<20 years | - 0.99 —0.66 (—0.95 to —0.37)
>20 years 3 84.36 —0.66 (—1.09 to —0.23)
eGDR in DN patients compared to controls (cross-sectional studies)
Overall 4 52.13 - —0.66 (—0.94 to —0.33)
Mean HbAIc in DN patients
HbAlc < 9% 3 66.33 0.97 —0.67 (—1.00 to —0.33)
HbAlc > 9% | - —0.65 (—1.30 to —0.00)
Mean BMI in DN patients
BMI < 25 kg/m? 3 66.33 0.97 —0.67 (—1.00 to —0.33)
BMI > 25 kg/m? I - —0.65 (—1.30 to —0.00)
Duration of DM in DN patients
<20 years 3 0 0.03 —0.84 (—1.09 to —0.60)
>20 years 0 —0.43 (—0.94 to —0.39)

?Percentage of variation across studies due to heterogeneity.
PHeterogeneity between groups.

significantly lower eGDR values in patients with DKD
compared to those without DKD (p < 0.001).'**2° eGDR
values were also found to be negatively correlated with urinary
albumin excretion (UAE) and serum creatinine (» = —0.13
and —0.17, p < 0.05).>*?” Additionally, eGDR exhibited a
strong discriminatory value for the diagnosis of DKD, with an
AUC ranging from 0.643 to 0.897.>”® These findings
highlight the potential utility of eGDR as a predictive marker
for the occurrence of DKD in patients with TIDM.

Six additional studies examined the association between
eGDR and DR, but these were not included in the analysis
due to insufficient data.'>'”-**>?3-2%27 Nonetheless, sig-
nificantly lower eGDR values were observed in patients
with DR compared to those without DR.'***-**” More-
over, the highest prevalence of DR was reported among

patients in the lowest quartile of eGDR.***” The risk of DR
was also highest in individuals within the lowest quartile or
tertiles of eGDR.™'"-*!

Four studies highlighted significantly lower eGDR levels
in patients with DN compared to those without DN; however,
these were excluded from the analysis due to inadequate
data.'>***>2° DN was also more prevalent among patients
with eGDR values below 6.4 °. Furthermore, one study
reported that each one-unit increase in eGDR significantly
reduced the risk of DN by 18%.*® Additional evidence
suggested that a one-unit reduction in eGDR increased the
risk of developing at least one microvascular complication by
40% to 90%.*'* Patients in the lowest eGDR category
exhibited a significantly higher risk of complications com-
pared to those in the higher reference group. Overall, these
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Study

ES Weight
with 95% CI (%)

Epstein (2013)
Kilpatrick (2007)

= 0.59[0.38, 0.93] 5.09
—ll—0.88 [0.80, 0.96] 38.15

Random-effects REML model

Pop (2015) —ll—0.87 [0.78, 0.97] 34.08
DUTA (2015) — 1= 0.73[0.62, 0.86] 22.68
Overall - 0.82[0.74, 0.92]
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0.38 0.97

Figure 4. Forest plot for the overall risk of DKD with a one-unit increase of eGDR in patients with diabetes mellitus.

findings strongly associate lower eGDR values with an in-
creased risk of microvascular complications.

Quality assessment

The results of the quality assessment revealed a range of quality
across the studies, with total scores ranging from 6 to 9. The
majority of studies scored 6 or 7, suggesting moderate quality.
However, several studies achieved higher scores of 8 or 9,
indicating a higher level of methodological rigor. Overall, in-
cluded studies were considered as moderate risk. Supplemental
Table 1 shows a detailed assessment of studies quality.

Discussion

Our meta-analysis revealed that eGDR values are signifi-
cantly lower in patients with DKD, DR, and DN than those
without these complications. Specifically, eGDR values

were 1.04 SD lower in DKD patients, 0.65 SD lower in DR
patients, and 0.66 SD lower in DN patients. Additionally, a
one-unit increase in €GDR was associated with an 18% and
21% reduced risk of DKD and DR, respectively, indicating
IR significantly contributes to the occurrence of these
complications in patients with T1DM. Furthermore, eGDR
demonstrated strong discriminatory power for detecting
DKD, DR, and DN.

IR can be assessed through various methods, including
dynamic tests such as the HEC, which requires multiple
blood samples to measure glucose levels repeatedly.>*-°
However, these tests require expert personnel and are 20—
30 times more costly than routine indices,** making them
impractical for large-scale clinical and epidemiological
applications. Simpler indices, such as the homeostatic
model assessment of insulin resistance (HOMA-IR) and
the quantitative insulin sensitivity check index (QUICKI),
are non-invasive, cost-effective, and easy to calculate.

DR non-DR
Study N Mean SD N Mean SD
Clenciu (2019) 61 6.41 3.61 139 11.66 5.51
DUTA (2015) 64 55 25 103 7 21
Simoniene (2019)117 7.1 25 83 87 23
Pop (2016) 106 6.1 3158 69 25
Overall

Heterogeneity: T° = 0.07, I = 77.04%, H* = 4.36
Testof B, = 8;: Q(3) = 13.60, p = 0.00
Testof8=0:2=-4.21,p=0.00

Random-effects REML model

SMD Weight
with 95% CI (%)
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— -0.66 [-0.95, -0.37) 25.20
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Figure 5. Forest plot comparing eGDR values in DR patients compared to patients without DR in cross-sectional studies.
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Clenciu (2019) —— 0.79 [0.73, 0.86] 25.59
DUTA (2015) —a— 0.73[0.62, 0.86] 13.14
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Figure 6. Forest plot for the overall risk of DR with a one-unit increase of eGDR in patients with diabetes mellitus.

However, these indices primarily reflect hepatic, rather than
peripheral IR.*! Thus, the need for an index that balances
dynamic testing accuracy with practicality led to the de-
velopment of eGDR.*

Recent studies have increasingly highlighted the rising
prevalence of IR in patients with TIDM, a condition tra-
ditionally characterized by insulin deficiency.’ Patients
with TIDM and IR face a significantly higher risk of
cardiovascular disease and microvascular complications.’
Moreover, the duration of T1DM positively correlates with
the development of IR.” Thus, e€GDR has been introduced
as a reliable marker for assessing IR in patients with TIDM
to detect and manage complications associated with IR in
these patients. Atance et al. reported significantly lower
eGDR values in obese and overweight patients with TIDM
compared to those with normal weight.’* Higher insulin
doses were also observed in obese patients, indicating that a
lower eGDR, calculated using HbAlc, HTN, and WHR, is

a marker of IR.>* The components of eGDR are strongly
associated with MetS.*>>>° An increased WHR (>0.89) is
also linked to MetS.*” These findings suggest that IR plays
a critical role in the development of diabetic complications
and eGDR, as a validated marker of IR, can facilitate early
detection and management of these complications, par-
ticularly microvascular TIDM patients.*®
Hyperglycemia, a key feature of IR, induces the for-
mation of AGEs that bind to their receptors (RAGEs) and
activate nuclear factor-kappa B (NF-kB) and vascular
endothelial growth factor (VEGF). These pathways pro-
mote pericyte apoptosis and vascular leakage, contributing
to DR.***' Additionally, hyperglycemia activates the
polyol pathway, converting glucose to sorbitol, depleting
nicotinamide adenine dinucleotide phosphate (NADPH),
and reducing glutathione (GSH) levels, leading to oxida-
tive stress and vascular damage.*>** Similarly, in DKD, IR
impairs insulin signaling required for NO synthesis,

Random-effects REML model

DN non-DN SMD Weight
Study N Mean SD N Mean SD With95%Cl (%)
Gonzélez-Clemente (2005) 36 7.28 1.63 84 83 1.38 —— -0.69 [-1.10, -0.29] 24.49
Simoniene (2019) 135 7 2565 92 2 —.— -0.93 [-1.24, -0.62] 30.73
Gonzalez Milan (2017) 35 83 26 13 1041 3 L -0.65 [-1.30, -0.00] 13.37
Pop (2015) 200 65 354 76 23 —— -0.38[-0.68, -0.08] 31.41
Overall o -0.66 [-0.94, -0.39]
Heterogeneity: 7° = 0.04, I* = 52.13%, H’ = 2.09
Testof 6 = 6; Q(3) = 6.28, p= 0.10
Testof8=0:z=-4.67,p=0.00
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Figure 7. Forest plot comparing eGDR values in DN patients compared to patients without DN in cross-sectional studies.
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resulting in vasoconstriction and decreased glomerular
filtration rate (GFR). IR also enhances oxidative stress and
chronic inflammation through reactive oxygen species
(ROS) and renin-angiotensin-aldosterone system (RAAS)
activation, exacerbating renal damage.*****’" In DN, re-
duced nerve growth factor (NGF) levels and impaired
glucose metabolism are implicated, although data linking
eGDR and DN remain limited.**>° These mechanisms
highlight IR’s role in microvascular complications and
support eGDR as a predictive marker for their progression.

In addition to eGDR, several other markers of IR have
been associated with diabetic complications. For instance,
significantly higher TyG index values have been observed
in individuals with diabetes with DKD, DR, and DN.*'**?
Additionally, the TyG index has shown good discrimina-
tory value for DKD.” Similarly, the visceral adiposity
index (VAI) has been significantly associated with mi-
crovascular complications in T2DM patients,”*> and it
demonstrated the highest area under the curve (AUC)
compared to other markers.>® However, it should be
considered that most of IR markers including HOMA-IR
and TyG index were originally developed to measure IR in
patients with T2DM while eGDR is mainly tailored for
T1DM. Since HOMA-IR and TyG calculations rely on
fasting insulin levels, their application in T1D, charac-
terized by insulin deficiency, is inappropriate. Thus,
comparing the predictive performance of eGDR with in-
dices meant for T2D lacks validity, and more research is
needed to introduce novel markers associated with IR
in TIDM.

Our findings demonstrate the significant benefits of
eGDR for the early detection and management of diabetic
microvascular complications in patients with T1DM.
Lower eGDR values are strongly associated with increased
risks of DKD, DR, and DN, making it a valuable marker for
identifying high-risk patients. Regular monitoring of
eGDR can facilitate timely interventions, personalized
treatment plans, and effective preventive measures, ulti-
mately improving patient outcomes. Additionally, eGDR is
a cost-effective and non-invasive tool that can be easily
integrated into routine clinical practice, providing a prac-
tical approach to improving diabetes care and reducing the
burden of complications.

To our knowledge, this is the first systematic review
assessing the association between diabetic microvascular
complications and eGDR as a marker of IR in patients with
T1DM. Previous studies have often focused on the role of
eGDR in cardiovascular diseases. In a recently published
systematic review, Sun et al. (2024) showed that a one-unit
increase in eGDR decreased the risk of cardiovascular
disease outcomes and all-cause mortality by 16% and 17%,
respectively, in patients with TIDM.'® In line with these
results, we found similar associations for DKD, DR, and
DN, particularly in patients with TIDM. These findings

underscore the importance of eGDR and IR in the de-
velopment of diabetic complications.

Several limitations of this study should be noted. First,
the limited number of studies included prevented us from
performing subgroup analyses on other heterogeneous
factors. Additionally, some studies did not report the
duration of DM. Second, we included 19 cross-sectional
studies, which may introduce recall bias. Second, all
studies in this review were observational, with most
lacking follow-up data. Although we included only low-
risk studies, the limitations of observational research
should be considered when interpreting these results.
Third, the small and heterogeneous sample sizes in the
studies limit the generalizability of our findings. Finally,
this study acknowledges the potential variability intro-
duced using different eGDR equations. This variability
may affect the comparability of results across studies and
underscores the need for standardization in future
research. We recommend future prospective cohort
studies with larger sample sizes to address these limi-
tations. In addition, more research is crucial on the as-
sociation between DN and eGDR.

Conclusion

This meta-analysis highlights the significant association
between eGDR and various diabetic microvascular com-
plications, including DKD, DR, and DN in patients with
T1DM. Our findings indicate that higher eGDR values are
consistently linked to a reduced risk of these complications.
Overall, our analysis underscores the importance of eGDR
as a valuable marker for assessing the risk of diabetic
microvascular complications. These findings suggest that
interventions aimed at increasing eGDR could be beneficial
in reducing the burden of these complications in individ-
uals with diabetes.
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Appendix
Abbreviations

DM Diabetes mellitus
DR Diabetic retinopathy
DKD Diabetic kidney disease
DN Diabetic neuropathy
IR Insulin resistance
eGDR  Estimated glucose disposal rate
AGEs Advanced glycation end products
NO Nitric oxide
HEC Hyperinsulinemic-euglycemic clamp
BMI Body mass index
WC  Waist circumference
HbAlc Glycated hemoglobin
WH  Waist-to-hip ratio
HTN  Hypertension
HR Hazard ratio
OR  Odds ratio
CI Confidence interval
WMD  Weighted mean difference
SMD  Standardized mean difference
AUC  Area under the curve
ROS Reactive oxygen species
NF-kB  Nuclear factor-kappa B
RAAS Renin-angiotensin-aldosterone system
HOMA-IR Homeostatic model assessment of insulin
resistance
QUICKI Quantitative insulin sensitivity check
index
TyG  Triglyceride-glucose index
VAI Visceral adiposity index
NOS Newcastle-Ottawa scale
SD Standard deviation
PRISMA  Preferred Reporting Items for Systematic
Reviews and Meta-Analyses
NADPH Nicotinamide adenine dinucleotide
phosphate
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