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A B S T R A C T

Background: Many patients with type 2 diabetes (T2D) develop diabetic retinopathy (DR) despite achieving 
target glycated hemoglobin (HbA1c) levels. Continuous glucose monitoring (CGM)-derived metrics capture 
glucose variability beyond HbA1c, yet systematic evaluations of their associations with DR across multiple CGM 
parameters remain limited.
Objective: This study aimed to evaluate correlations between five CGM metrics and DR in T2D.
Study design: Systematic review and meta-analysis.
Methods: This systematic review was registered on the International Prospective Register of Systematic Reviews 
(PROSPERO) (CRD42024613889). Six electronic databases were systematically searched from inception to April 
1, 2026, for observational studies in T2D. The exposures of interest were CGM-derived metrics, including time in 
range (TIR), mean amplitude of glycemic excursions (MAGE), standard deviation of blood glucose (SDBG), mean 
blood glucose (MBG), and coefficient of variation (CV). The primary outcome was DR. Standardized mean 
differences (SMDs) with 95% confidence intervals (CIs) were synthesized.
Results: Ten studies (N = 6434) were included. Compared to non-DR controls, patients with DR had significantly 
lower TIR (SMD = −0.83, 95% confidence interval [CI]: −1.18 to −0.48; P  <  0.001) and higher glycemic 
parameters, including MAGE (SMD = 1.53, 95% CI: 0.91–2.15; P  <  0.001), SDBG (SMD = 1.10, 95% CI: 
0.61–1.60; P  <  0.001), MBG (SMD = 0.67, 95% CI: 0.25–1.09; P = 0.002), and CV (SMD = 0.38, 95% CI: 
0.08–0.69; P = 0.014).
Conclusions: CGM metrics, particularly MAGE, SDBG, and TIR, are associated with prevalent DR in T2D, offering 
exploratory clinical insights alongside HbA1c. However, longitudinal prospective evidence is currently limited to 
TIR. Given the substantial heterogeneity across primary studies and the Very Low certainty of evidence per the 
Grading of Recommendations Assessment, Development and Evaluation (GRADE) framework, these metrics 
should be interpreted with caution and require prospective validation before clinical translation.
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1. Introduction

Diabetic retinopathy (DR) is the most common microvascular 
complication of diabetes mellitus and a leading cause of acquired visual 
impairment and blindness among adults worldwide.1 Global estimates 
indicate that approximately 22.3% of individuals with diabetes have 
some degree of DR.2 Because early DR is largely asymptomatic and late- 
stage disease carries a high risk of irreversible vision loss, accurate and 
accessible biomarkers for early risk stratification are of substantial 
clinical importance.3 Historically, glycated hemoglobin (HbA1c) has 
served as the cornerstone of glycemic management in patients with type 
2 diabetes (T2D). The landmark Diabetes Control and Complications 
Trial (DCCT) and United Kingdom Prospective Diabetes Study (UKPDS) 
established that intensive glycemic control, reflected by lower HbA1c 
levels, substantially reduces the incidence and progression of DR.4,5

Nevertheless, HbA1c represents only the time-averaged mean glucose 
level over the preceding 8–12 weeks. It does not capture moment-to- 
moment fluctuations in blood glucose.6

The widespread adoption of continuous glucose monitoring (CGM) 
technology has transformed glycemic assessment by enabling con
tinuous, high-resolution characterization of glucose profiles across days 
to weeks.7,8 A broad array of metrics can be derived from CGM data, 
each capturing a distinct pathophysiological dimension of glycemic 
dynamics.9 Thus, CGM-derived metrics may offer exploratory clinical 
insights alongside HbA1c. Among these metrics, time in range (TIR), 
defined as the percentage of time with sensor glucose within the target 
range of 3.9–10.0 mmol/L, has attracted particular clinical attention as 
an intuitive, patient-centered measure.10 Beyond TIR, mean blood 
glucose (MBG) reflects the cumulative glycemic burden; standard de
viation of blood glucose (SDBG) and coefficient of variation (CV) 
quantify total and relative dispersion around the mean; mean amplitude 
of glycemic excursions (MAGE) specifically captures acute, large-am
plitude peak-to-trough oscillations. Experimental evidence indicates 
that intermittent glucose fluctuations induce greater oxidative stress 
and endothelial apoptosis than sustained hyperglycemia, providing a 
mechanistic basis for glycemic variability (GV)-mediated retinal da
mage independent of HbA1c.11 Among various CGM measures, these 
five parameters collectively represent the core consensus-recommended 
framework covering central tendency, total and relative dispersion, 
acute peak-to-trough oscillations, and overall target-range com
pliance.10

Several systematic reviews have assessed the relationship between 
CGM-derived metrics and DR. Raj et al. conducted a systematic review 
focused exclusively on TIR and its relationship to microvascular com
plications and did not quantitatively synthesize other CGM-derived 
metrics.12 More recently, Pratama et al. reported associations of TIR, 
SDBG, MAGE, and CV with DR.13 However, unresolved clinical ques
tions remain regarding how these multi-dimensional metrics compare 
in their strength of association with DR and whether their associations 
persist across different HbA1c control strata. Furthermore, evidence 
regarding the longitudinal relationship between baseline CGM metrics 
and incident DR remains limited, with prospective cohort data cur
rently available only for baseline TIR.

Therefore, this systematic review and meta-analysis were designed 
to provide a more comprehensive evaluation of the relationship be
tween CGM-derived metrics and DR in patients with T2D. This study 
specifically focuses on T2D because T2D accounts for over 90% of 
global diabetes cases and exhibits distinct metabolic profiles,14 insulin 
resistance, and diurnal glucose fluctuations compared to type 1 diabetes 
(T1D).15,16 Confounding from total endogenous insulin deficiency in 
T1D could otherwise obscure the specific association between glycemic 
variability (GV) and microvascular complications. Specifically, we 
aimed to (1) quantify associations between five CGM-derived metrics 
(TIR, MBG, SDBG, MAGE, and CV) and DR using standardized mean 
differences (SMDs) to enable direct cross-metric comparison; (2) in
corporate evidence from both English- and Chinese-language databases 

to improve the completeness of the evidence base; (3) update the evi
dence synthesis by including recently published studies; and (4) explore 
potential sources of heterogeneity through subgroup analyses, in
cluding HbA1c control status and CGM monitoring duration. Further
more, because cross-sectional designs cannot establish temporal se
quence, evaluating longitudinal associations is essential to clarify 
whether glycemic metrics possess prospective prognostic relevance for 
future DR development. Given that prospective cohort evidence in 
current literature is available exclusively for baseline TIR, we ad
ditionally synthesized prospective cohort data to specifically evaluate 
the longitudinal association between baseline TIR and subsequent in
cident DR risk.

2. Materials and methods

2.1. Search strategy

This systematic review and meta-analysis was conducted in ac
cordance with the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) 2020 guidelines.17 The protocol was re
gistered in the International Prospective Register of Systematic Reviews 
(PROSPERO, registration number: CRD42024613889, registered in 
November 2024).

A comprehensive literature search was independently conducted in 
six electronic databases: PubMed (accessed via NCBI), Embase, 
MEDLINE (accessed via Ovid), China National Knowledge 
Infrastructure (CNKI), Wanfang Data Knowledge Service Platform 
(Wanfang), and China Science and Technology Journal Database (VIP). 
All databases were searched from inception to April 1, 2026. No lan
guage restrictions were applied. Search terms were developed using a 
combination of Medical Subject Headings (MeSH) and free-text key
words related to (1) type 2 diabetes mellitus (T2DM): ("Diabetes 
Mellitus, Type 2," "T2DM"); (2) diabetic retinopathy: ("Diabetic 
Retinopathy," "DR," "microvascular complications"); and (3) CGM-de
rived parameters: ("Continuous Glucose Monitoring," "CGM," "Glycemic 
Variability," "GV," "Time in Range," "TIR," "Time Below Range," "TBR," 
"Time Above Range," "TAR," "Mean Amplitude of Glycemic Excursions," 
"MAGE," "Mean Blood Glucose," "MBG," "Standard Deviation of Blood 
Glucose," "SDBG," and "Coefficient of Variation"). Boolean operators 
(AND/OR) were used to combine these concepts. The complete search 
strategy for each database is provided in Supplementary Table S1.

2.2. Study selection

Inclusion criteria were as follows: (1) study design: observational 
studies, including cross-sectional and prospective cohort studies; (2) 
population: adult patients aged ≥ 18 years with confirmed T2D. 
Patients met the recognized diagnostic criteria for T2D if any of the 
following thresholds are satisfied: fasting plasma glucose ≥ 7.0 mmol/L 
(126 mg/dL), 2-hour-post-oral-glucose-tolerance-test plasma glucose 
≥ 11.1 mmol/L (200 mg/dL), or HbA1c ≥ 6.5% (48 mmol/mol)18; (3) 
exposure: assessment of one or more CGM-derived glycemic para
meters, including TIR (defined as the percentage of time with glucose 
levels within 3.9–10.0 mmol/L), MAGE, SDBG, MBG, and CV. Opera
tional definitions10 for all five CGM-derived parameters are compre
hensively summarized in Supplementary Table S2; (4) outcome: pre
sence or absence of DR assessed by standardized fundus examination, 
fundus photography, or an equivalent validated ophthalmic assessment. 
DR was diagnosed and graded using validated standardized clinical 
methods across included studies, predominantly based on the Early 
Treatment Diabetic Retinopathy Study (ETDRS) severity scale19 or the 
International Clinical Diabetic Retinopathy (ICDR) severity scale20; and 
(5) data availability: reporting of sufficient quantitative data for meta- 
analytic pooling.

Exclusion criteria were as follows: (1) non-original research, in
cluding reviews, editorials, case reports, and conference abstracts; (2) 
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studies enrolling patients with T1D, gestational diabetes, or other spe
cific forms of diabetes; (3) studies in which glycemic status was as
sessed exclusively by self-monitoring of blood glucose (SMBG), without 
CGM-derived metrics; (4) studies using constructed or model-simulated 
CGM data rather than real continuous monitoring data; (5) duplicate 
publications reporting the same dataset, for which only the most recent 
or comprehensive publication was retained. Where two publications 
were identified as drawing from the same patient cohort, only the more 
recent or more comprehensive publication was retained; (6) studies 
with irreconcilable data inconsistencies or insufficient extractable data 
after correspondence attempts. Time Below Range (TBR, < 3.9 mmol/ 
L) and Time Above Range (TAR, > 10.0 mmol/L) were initially con
sidered during study screening.10 But they were not included as a pri
mary outcome in this review. Screening of eligible studies identified 
only two studies21, 22 that reported TAR and TBR data stratified by DR 
status, which was insufficient for meaningful meta-analytic pooling.

All identified records were imported into Note Express for dedu
plication (including overlapping citations between PubMed and 
MEDLINE). The remaining records underwent two-stage screening. 
First, two reviewers independently screened titles and abstracts to ex
clude irrelevant studies. Second, the same two reviewers independently 
retrieved and assessed the full texts of potentially eligible studies ac
cording to predefined eligibility criteria. Disagreements at any stage 
were resolved by discussion or, when consensus could not be reached, 
by arbitration with a third reviewer.23 A PRISMA 2020 flow diagram 
was generated using a PRISMA 2020 Flow Diagram Generator.

2.3. Data extraction and quality assessment

Two reviewers independently performed standardized data extrac
tion. The following information was extracted from each eligible study: 
(1) general characteristics, including first author, publication year, 
country, study design, study period, and sample size (total sample, DR 
group, and non-DR group); (2) participant characteristics, including 
mean age and mean diabetes duration; (3) clinical details, including DR 
assessment method and grading system, CGM device, and monitoring 
duration; (4) glycemic metrics, including mean ± standard deviation 
values for TIR, MAGE, SDBG, MBG, and/or CV in the DR and non-DR 
groups; (5) statistical findings, including adjusted odds ratios (ORs), 
hazard ratios (HRs), or regression coefficients with 95% confidence 
intervals (CIs) and P-values.

Methodological quality was independently assessed by two re
viewers using study-specific tools. For cross-sectional studies, the 11- 
item Agency for Healthcare Research and Quality (AHRQ) checklist was 
used to evaluate domains such as study population definition, mea
surement validity, and bias control.24 Studies were scored on a scale of 
0–11 and categorized as high (8–11), moderate (4–7), or low quality 
(0–3). For prospective cohort studies, the Newcastle-Ottawa Scale 
(NOS) was used to assess selection, comparability, and outcomes.25

Scores of 7–9, 4–6, and 0–3 stars represented high, moderate, and low 
quality, respectively. Discrepancies were resolved through discussion or 
consultation with a third reviewer.

Furthermore, the overall certainty of evidence for each pooled 
outcome was evaluated using the Grading of Recommendations 
Assessment, Development and Evaluation (GRADE) framework across 
five standard domains: risk of bias, inconsistency, indirectness, im
precision, and publication bias.26

2.4. Statistical analysis

Because study designs differed across the included studies, two 
distinct analytical approaches were applied and reported separately. To 
ensure consistent binary comparisons between patients with and 
without DR across all studies, two data preprocessing steps were per
formed prior to the primary meta-analyses. First, for studies reporting 
multiple DR severity categories, subgroup data were combined into a 

single DR group using formulas recommended in the Cochrane 
Handbook for combining means and standard deviations.27 Second, for 
studies reporting continuous variables as medians and interquartile 
ranges (IQRs), values were converted to means and standard devia
tions.28 For cross-sectional studies, SMDs with 95% confidence intervals 
(CIs) were pooled using random-effects meta-analysis to quantify be
tween-group differences in glycemic metrics between patients with and 
without DR. All effect sizes were expressed as SMDs to ensure com
parability across studies that employed different measurement scales. 
For the single prospective cohort study 29 that reported HRs from Cox 
proportional hazards regression, findings were incorporated through 
narrative synthesis rather than quantitative pooling. Statistical hetero
geneity was assessed using the Cochran Q test and the I² statistic, with I² 
> 50% or P < 0.05 indicating significant heterogeneity. To transpar
ently explore potential sources of statistical heterogeneity, pre-specified 
subgroup analyses and univariable meta-regressions were planned and 
conducted based on: (1) mean HbA1c control status (< 7.0% vs. 
≥7.0%); (2) CGM monitoring duration (< 7 days vs. ≥7 days). Leave- 
one-out sensitivity analyses and subgroup analyses were performed to 
explore potential sources of heterogeneity. All meta-analyses were 
conducted using R software (version 4.5.2), with the metagen, metainf, 
and update functions from the meta package (version 7.0-0) and 
functions from the metafor package (version 4.4-0). All statistical tests 
were two-sided, and P <  0.05 was considered statistically significant.

2.5. Protocol deviations

In compliance with the PRISMA guidelines, deviations from the 
initial PROSPERO protocol (CRD42024613889) are transparently dis
closed. The registered protocol specified MAGE as the main outcome 
and TIR as an additional outcome for assessing GV. During the conduct 
of the review, additional CGM-derived metrics, including SDBG, MBG, 
and CV, were incorporated to provide a more comprehensive assess
ment of GV and its association with DR. Other deviations included (1) 
extending the search timeframe to April 1, 2026, to incorporate the 
most up-to-date evidence; (2) adding GRADE assessment post hoc to 
evaluate the certainty of the evidence; and (3) refining the subgroup 
analysis according to CGM monitoring duration post hoc to explore 
potential sources of statistical heterogeneity.

3. Results

3.1. Study selection

A total of 963 records were initially identified from six electronic 
databases (PubMed: n = 270; Embase: n = 379; Medline: n = 148; 
CNKI: n = 25; Wanfang: n = 103; VIP: n = 38). After removing 154 
duplicate records, 809 unique records underwent title and abstract 
screening, of which 791 were excluded. The remaining 18 full-text re
ports were assessed for eligibility. Among them, 8 reports were ex
cluded for the following reasons: duplicate publication (n = 3), lack of 
core CGM metrics (n = 1), use of non-CGM devices (n = 1), incomplete 
data (n = 2), and use of simulated data (n = 1). Ultimately, 10 studies 
(nine cross-sectional studies and one prospective cohort study) were 
included in the final review (Fig. 1) (Lu et al.,30 Ma et al.,31 Zhang 
et al.,32 Ding et al.,33 Wakasugi et al.,21 Wang et al.,29 Huang et al.,34

Tang et al.,35 Xu et al.,22 and Zhang et al. 36). Across the 10 included 
studies, 6434 patients were analyzed. The basic characteristics of the 
included studies are summarized in Table 1.

3.2. Description of studies

The 10 included studies were published between 2018 and 2025 and 
collectively enrolled 6434 participants, including 1733 with DR and 
4701 without DR. Nine studies used cross-sectional designs, and one 
was a prospective cohort study.29 Nine studies were conducted in 
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China, and one was conducted in Japan.21 Total sample sizes ranged 
from 91 35 to 3262.30 The mean participant age ranged from approxi
mately 54–65 years. All studies used fundus photography or an 
equivalent ophthalmic examination to assess DR. CGM monitoring 
duration ranged from 72 h to 14 days, with 72 h in 7 studies, 7–14 days 
in 1 study, and 14 days in 2 studies.21,36 Devices included Medtronic 
retrospective CGM, Abbott Freestyle Libre Pro, and other validated 
systems. Regarding metric coverage, seven studies reported TIR, eight 
reported MAGE, seven reported SDBG, seven reported MBG, and four 
reported CV.

3.3. Quality assessment and certainty of evidence

Among the nine cross-sectional studies assessed with the AHRQ 
tool, all were rated as moderate quality (Supplementary Table S3a). 
Common methodological concerns included unclear reporting of 
outcome assessment procedures, particularly blinding, and incon
sistent confounder adjustment across studies. The prospective cohort 
study achieved an NOS score of 9 stars,29 indicating high methodo
logical quality, with strengths including relatively long follow-up 
and comprehensive multivariable adjustment (Supplementary Table 
S3b).

According to the GRADE assessment, the overall certainty of evi
dence for all five synthesized CGM-derived parameters was evaluated as 
Very Low (Supplementary Table S4). The initial certainty for observa
tional study designs was low, and further downgrading was primarily 
attributed to the substantial statistical heterogeneity observed across 
primary studies.

3.4. Outcome measures

3.4.1. Time in range (TIR)
Six cross-sectional studies (N = 4972) contributed to the pooled SMD 

analysis of TIR. Patients with DR had significantly lower TIR than patients 
without DR (pooled SMD = −0.83, 95% CI: −1.18 to −0.48; P  <  0.001; 
Fig. 2A). Considerable heterogeneity was present (I² = 94.2%). Leave-one- 
out sensitivity analysis confirmed the robustness of this finding; omission of 
any single study did not alter the direction or statistical significance of the 
pooled estimate, and residual SMDs ranged from −0.74 to −0.95.

The prospective cohort study 29 provided complementary long
itudinal evidence. In Cox proportional hazards regression with com
prehensive covariate adjustment, each 10% decrease in baseline TIR 
was associated with a 7% increase in incident DR risk (HR = 1.07, 95% 
CI: 1.02–1.13; P = 0.01).

Fig. 1. PRISMA flow diagram of the study selection process. The diagram illustrates the identification, screening, eligibility assessment, and final inclusion of studies 
(n = 10) evaluating continuous glucose monitoring (CGM) metrics in patients with and without diabetic retinopathy (DR). Abbreviations: PRISMA, Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses; CGM, continuous glucose monitoring; DR, diabetic retinopathy.
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3.4.2. Mean amplitude of glycemic excursions (MAGE)
Eight studies (N = 5286) contributed to the pooled MAGE analysis. 

Patients with DR had significantly higher MAGE than patients without 
DR (pooled SMD = 1.53, 95% CI: 0.91–2.15; P  <  0.001; Fig. 2B). 
Considerable heterogeneity was observed (I² = 98.3%). Leave-one-out 
analysis confirmed that the pooled MAGE estimate remained statisti
cally significant after omission of any single study. After excluding the 
study with the largest SMD,32 the pooled SMD remained robust at 1.06 
(95% CI: 0.58–1.54).

Exploratory subgroup analysis showed a substantially larger MAGE- 
DR effect estimate in the single study restricted to patients with HbA1c 
< 7.0% (SMD = 4.93, 95% CI: 4.31–5.55) than the pooled estimate 
from studies conducted in general T2DM populations (k = 7; pooled 
SMD = 1.06, 95% CI: 0.58–1.54). However, because the HbA1c-con
trolled subgroup was represented by a single study, this result should be 

interpreted with substantial caution and regarded as hypothesis-gen
erating rather than confirmatory. To explore the potential influence of 
monitoring duration, studies were grouped by CGM wear time. Studies 
using 72-h CGM (k = 7) yielded a pooled MAGE SMD of 1.59 (95% CI: 
0.91–2.27). The single study using 14-day CGM reported a directionally 
similar association (SMD = 1.13, 95% CI: 0.80–1.45). Given the limited 
number of studies using longer monitoring durations, no firm conclu
sions can be drawn about the influence of CGM duration.

3.4.3. Standard deviation of blood glucose (SDBG)
Seven studies (N = 5184) contributed to the pooled SDBG analysis. 

Patients with DR had significantly higher SDBG than patients without 
DR (pooled SMD = 1.10, 95% CI: 0.61–1.60; P  <  0.001; Fig. 2C; I² = 
97.4%). Leave-one-out sensitivity analysis confirmed the stability of 
this finding across all permutations.

Fig. 2. Forest plots of the associations of TIR, MAGE, SDBG, MBG, and CV with DR. Meta-analyses comparing glycemic parameters between patients with diabetic 
retinopathy (DR) and non-DR controls: (A) Time in Range (TIR); (B) Mean Amplitude of Glycemic Excursions (MAGE); (C) Standard Deviation of Blood Glucose 
(SDBG); (D) Mean Blood Glucose (MBG); and (E) Coefficient of Variation (CV). Pooled estimates were calculated using random-effects models. Effect sizes are 
presented as standardized mean differences (SMDs) with 95% confidence intervals (CIs). Blue squares represent individual study estimates, with horizontal lines 
indicating 95% CIs; the square area corresponds to the relative weight assigned to each study. Blue diamonds represent the overall pooled estimates and their 95% 
CIs. Abbreviations: CGM, continuous glucose monitoring; DR, diabetic retinopathy; TIR, time in range; MAGE, mean amplitude of glycemic excursions; SDBG, 
standard deviation of blood glucose; MBG, mean blood glucose; CV, coefficient of variation; SMD, standardized mean difference; CI, confidence interval.
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3.4.4. Mean blood glucose (MBG)
Seven studies (N = 2024) contributed to the pooled MBG analysis. 

Overall, patients with DR had significantly higher MBG than patients 
without DR (pooled SMD = 0.67, 95% CI: 0.25–1.09; P = 0.002; 
Fig. 2D; I² = 93.6%). Leave-one-out sensitivity analysis confirmed the 
stability of this finding across all permutations.

3.4.5. Coefficient of variation (CV)
Four studies (N = 4713) contributed to the CV analysis. A statisti

cally significant positive association was observed (pooled SMD = 
0.38, 95% CI: 0.08–0.69; P = 0.014; Fig. 2E; I² = 92.1%), indicating 
that CV was generally higher among patients with DR.

3.5. Publication bias

Formal statistical tests for publication bias were not performed be
cause no outcome included at least 10 studies, the commonly re
commended minimum number for reliable assessment of funnel plot 
asymmetry.37 The number of studies per outcome ranged from 4 to 8. 
Nevertheless, funnel plots were generated for exploratory purposes and 
are provided in Supplementary Figure S1. Given the limited number of 
studies per outcome, the visual symmetry of the funnel plots was con
sidered insufficient to reliably determine the presence or absence of 
publication bias.

4. Discussion

This systematic review and meta-analysis synthesized evidence from 
10 observational studies involving 6434 patients with T2DM to eval
uate associations between CGM-derived metrics and DR. Across the 
available evidence, patients with DR consistently had lower TIR and 
higher MAGE, SDBG, MBG, and CV than patients without DR. The 
strongest associations were observed for MAGE, whereas TIR showed a 
directionally consistent inverse pattern with DR. Importantly, sensi
tivity analyses indicated that the direction and statistical significance of 
the pooled estimates were not materially influenced by any individual 
study, supporting the overall robustness of the findings despite sub
stantial between-study heterogeneity.

The observed inverse association between TIR and DR is biologically 
plausible and clinically relevant. Reduced TIR reflects prolonged ex
posure to glucose concentrations outside the target range and therefore 
increases cumulative retinal exposure to hyperglycemia.38 Sustained 
hyperglycemia contributes to retinal microvascular injury through 
several established mechanisms, including activation of the polyol 
pathway, formation of advanced glycation end products, activation of 
protein kinase C, and oxidative stress.39 Most included studies reported 
that the association between TIR and DR persisted after adjustment for 
HbA1c, suggesting that TIR captures dimensions of glycemic control not 
fully reflected by average glycemia alone.30 Although one study showed 
attenuation of the association after HbA1c adjustment, the overall 
evidence supports complementary, rather than mutually exclusive, 
roles of TIR and HbA1c in DR risk assessment.21 Additional support 
comes from the only available prospective cohort study, which showed 
that a 10% decrease in baseline TIR was associated with a 7% increase 
in incident DR risk during long-term follow-up.29 Although observa
tional data cannot establish causality, this finding supports a temporal 
relationship between lower TIR and subsequent DR development.

Among the evaluated CGM metrics, MAGE showed the largest 
pooled effect size. MAGE reflects the amplitude of major glucose ex
cursions. It therefore may capture glycemic instability not adequately 
represented by HbA1c or mean glucose measures. Experimental studies 
have shown that intermittent hyperglycemia can induce greater oxi
dative stress, endothelial dysfunction, and inflammatory activation 
than sustained hyperglycemia at comparable average glucose levels, 
providing biological plausibility for the observed association.11,40 In 
addition to TIR and MAGE, significant associations were observed for 

SDBG, MBG, and CV. These findings suggest that multiple aspects of 
glycemic dysregulation may be associated with prevalent DR. MBG 
primarily reflects chronic glycemic exposure and therefore supports the 
established role of sustained hyperglycemia in DR pathogenesis. In 
contrast, SDBG and CV characterize short-term GV from different per
spectives: SDBG reflects absolute dispersion around the mean glucose 
level, whereas CV reflects variability relative to the mean glucose 
level.41 Their consistent associations with DR indicate that both chronic 
hyperglycemia and glucose fluctuations likely influence retinal micro
vascular injury. Collectively, these findings emphasize the multifaceted 
nature of glycemic exposure captured by CGM.

Our exploratory subgroup analysis for MAGE provided a potentially 
important clinical nuance. The association between elevated MAGE and 
diabetic retinopathy appeared more pronounced in the study restricted 
to patients with baseline HbA1c <  7.0% than in studies involving 
general T2DM populations. One possible explanation is that, among 
patients with poorly controlled diabetes, sustained ambient hypergly
cemia may impose a substantial vascular burden, making the additional 
contribution of short-term glycemic excursions less discernible. 
Conversely, among patients with relatively well-controlled HbA1c, 
glycemic excursions may represent a more salient component of gly
cemic dysregulation and may contribute to vascular injury. However, 
this interpretation should be treated cautiously because the HbA1c 
<  7.0% subgroup was represented by only one study, and the markedly 
larger effect estimate may also reflect study-specific characteristics ra
ther than the HbA1c level itself. Exploratory analyses according to CGM 
wear time showed directionally similar MAGE associations for 72-h and 
14-day monitoring, but the single study using 14-day CGM precluded 
meaningful comparison of monitoring durations. These subgroup find
ings should therefore be considered hypothesis-generating rather than 
confirmatory. The interpretation of these findings is further constrained 
by the extremely high between-study heterogeneity across the pooled 
analyses. The observed variation likely reflects differences in CGM de
vices, DR classification criteria, study settings, and baseline glycemic 
characteristics. Differences in sample sizes may also have contributed to 
variability in the observed effect estimates, although the limited 
number of studies precluded reliable assessment of potential small- 
study effects. According to the GRADE framework, the certainty of 
evidence for all evaluated outcomes was rated as Very Low. 
Accordingly, the pooled estimates should be interpreted as preliminary 
summaries of the direction and approximate magnitude of associations 
rather than as precise quantitative benchmarks applicable to individual 
clinical settings.

Compared with earlier meta-analyses that primarily examined 
overall GV using narrative syntheses or single-metric analyses, our 
quantitative synthesis provides standardized mean difference compar
isons across five distinct metrics. Our pooled estimates for TIR and 
MAGE align closely in direction with earlier studies,12,13 but our find
ings extend their work by demonstrating that MAGE yields a greater 
magnitude of effect on microvascular complications than overall stan
dard deviation metrics.

These findings have potential implications for clinical glycemic 
evaluation in T2DM. Although HbA1c remains the cornerstone of gly
cemic monitoring, it does not fully capture glucose fluctuations or time 
spent outside the target range. The present findings suggest that CGM- 
derived metrics, particularly TIR and MAGE, may provide com
plementary information alongside HbA1c.42 This may be particularly 
relevant for individuals who achieve conventional HbA1c targets but 
continue to exhibit unfavorable CGM profiles. Accordingly, integrating 
CGM-derived measures into routine diabetes assessment may improve 
comprehensive DR screening.10

5. Limitations

This study has several limitations that should be considered when 
interpreting the findings. First, the available evidence was 
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predominantly cross-sectional, with nine of the ten included studies 
using cross-sectional designs; therefore, causal relationships cannot be 
established for most CGM-derived metrics, although the single pro
spective cohort study provided supportive temporal evidence for TIR. 
Second, substantial heterogeneity was observed across all pooled ana
lyses. Although random-effects models and sensitivity analyses were 
used, these approaches cannot fully resolve substantial clinical and 
methodological differences across studies. Third, the limited number of 
studies for most individual metrics restricted formal subgroup analyses 
to MAGE, while insufficient reporting of DR severity prevented analyses 
according to non-proliferative diabetic retinopathy and proliferative 
diabetic retinopathy stages. Fourth, the evidence was predominantly 
derived from Chinese populations, which may limit the generalizability 
of the findings to other ethnic groups and healthcare or socioeconomic 
settings. Finally, quantitative synthesis of TBR and TAR was not pos
sible because only two eligible studies reported these CGM-derived 
metrics for both DR and non-DR groups.

The overall certainty of evidence for all evaluated outcomes was 
rated as Very Low according to the GRADE framework, reflecting lim
itations in study design, substantial inconsistency, and the limited 
evidence base. Accordingly, the pooled estimates should be interpreted 
as preliminary summaries of the direction and approximate magnitude 
of associations rather than as precise quantitative benchmarks for in
dividual clinical settings. Future research should prioritize large, pro
spective studies involving diverse populations, standardized CGM pro
tocols and DR classification, and sufficiently long follow-up. Studies 
should also report a broader range of standardized CGM metrics and DR 
severity-specific outcomes to facilitate evaluation of clinically mean
ingful thresholds and the potential utility of CGM-derived metrics for 
DR risk stratification.

6. Conclusions

This updated systematic review and meta-analysis demonstrated 
that lower TIR and higher MAGE, SDBG, MBG, and CV were con
sistently associated with DR in patients with T2DM. Among the eval
uated CGM-derived metrics, TIR showed a directionally consistent in
verse pattern with DR, whereas MAGE showed the largest effect sizes. 
However, given the Very Low GRADE certainty of evidence and ex
treme statistical heterogeneity across primary studies, these pooled 
estimates must be interpreted with caution as qualitative summary in
dicators. Prospective cohort evidence further supports a temporal re
lationship between lower baseline TIR and subsequent DR develop
ment. Collectively, these findings suggest that CGM-derived metrics, 
particularly TIR and MAGE, may offer exploratory clinical insights 
beyond HbA1c levels for comprehensive DR evaluation in patients with 
T2DM. Further prospective studies using standardized CGM protocols 
are required to clarify causality and establish clinically applicable risk 
thresholds.
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