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ABSTRACT

Background: Glycemic variability (GV) has emerged as a potential
independent predictor of diabetic complications beyond traditional HbAlc
measurements. However, the comparative predictive value of GV versus HbAlc
for microvascular complications remains unclear, particularly in real-world
clinical settings.[>*] Materials and Methods: This retrospective cohort study
analyzed 584 adults with type 2 diabetes from a clinical registry. Patients had
>6 HbAlc measurements over 3 years. GV was assessed using coefficient of
variation (CV) and standard deviation (SD) of HbAlc. Primary outcomes were
diabetic retinopathy, nephropathy, and neuropathy. Logistic regression models
compared predictive performance of HbAlc alone versus HbAlc plus GV
metrics. ROC curve analysis determined discriminative ability. Result: Mean
age was 58.1+12.2 years, 52.2% male, with mean diabetes duration 6.2+4.1
years. Mean HbAlc was 8.25+1.72%, HbAlc CV 9.05+2.77%. Microvascular
complications were present in 47.3% (retinopathy), 49.3% (nephropathy), and
60.3% (neuropathy). Adding HbAlc CV to mean HbAlc improved AUC for
any microvascular complication from 0.736 to 0.749 (p=0.041). For individual
complications, AUC improvements were modest: retinopathy (+0.012),
nephropathy (+0.001), neuropathy (+0.008). Conclusion: While HbAlc
remains the primary predictor of microvascular complications, glycemic
variability provides statistically significant but modest additional predictive
value. The clinical utility of routine GV assessment requires further validation
in larger prospective studies.

INTRODUCTION

Type 2 diabetes mellitus affects over 420 million
people globally, with India harboring the second-
largest diabetic population worldwide. The Indian
Council of Medical Research-India Diabetes (ICMR-
INDIAB) study revealed a national diabetes
prevalence of 11.4%, affecting approximately 101
million individuals. The primary concern in diabetes
management extends beyond glycemic control to the
prevention of devastating microvascular
complications including diabetic retinopathy,
nephropathy, and neuropathy, which collectively
affect 60-80% of patients and contribute significantly
to morbidity, mortality, and healthcare costs. !

Traditionally, HbAlc has served as the gold standard
for assessing long-term glycemic control, reflecting
average blood glucose levels over the preceding 2-3
months. The landmark Diabetes Control and
Complications Trial (DCCT) and United Kingdom
Prospective Diabetes Study (UKPDS) established the
strong relationship between HbAlc levels and
microvascular complications, forming the foundation

for current treatment targets. However, emerging
evidence suggests that HbA1lc alone may not capture
the complete picture of glycemic exposure and
diabetes-related risk.

Glycemic variability, defined as fluctuations in blood
glucose or related parameters over time, has gained
recognition as an independent risk factor for diabetic
complications. Several studies have demonstrated
associations between various measures of glycemic

variability —and microvascular complications,
independent of mean HbAlc levels. The
pathophysiological mechanisms underlying this

relationship likely involve enhanced oxidative stress,
endothelial dysfunction, and accelerated formation of
advanced glycation end products during periods of
glucose fluctuation.®

Despite growing interest in glycemic variability,
several important questions remain unanswered.
First, the relative predictive value of glycemic

variability =~ compared to traditional HbAlc
measurements requires clarification in diverse
populations. Second, the optimal metrics for

quantifying glycemic variability in clinical practice
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need standardization. Third, the clinical utility and
cost-effectiveness  of  incorporating glycemic
variability assessment into routine diabetes care
remains uncertain.”!

The present study addresses these knowledge gaps by
conducting a comprehensive analysis of a large
clinical registry dataset to compare the predictive
performance of glycemic variability metrics versus
traditional HbAlc measurements for microvascular
complications in type 2 diabetes patients. Our
objectives were to: (1) characterize the relationship
between glycemic variability and microvascular
complications; (2) determine the incremental
predictive value of adding glycemic variability to
HbAlc-based models; and (3) assess the clinical
implications of these findings for diabetes
management strategies.

MATERIALS AND METHODS

Study Design and Setting

This retrospective cohort study utilized data from the
clinical registry of a tertiary diabetes center in India,
covering the period from January 2020 to December
2022. The study was approved by the institutional
ethics committee and conducted in accordance with
the Declaration of Helsinki principles. The
requirement for individual informed consent was
waived due to the retrospective nature of the study
and use of de-identified data.

Study Population

Adult patients (>18 years) with type 2 diabetes
mellitus were eligible for inclusion if they had: (1)
established diagnosis of type 2 diabetes based on
American Diabetes Association criteria; (2) at least 6
HbAlc measurements over a minimum 3-year
follow-up period; (3) complete clinical and
laboratory data; and (4) regular follow-up visits at 3-
4 month intervals. Exclusion criteria included: type 1
diabetes, gestational diabetes, significant
hemoglobinopathies affecting HbAlc reliability,
active malignancy, end-stage renal disease requiring
dialysis, and incomplete follow-up data.

Data Collection and Variables

Demographic, clinical, and laboratory data were
extracted from electronic medical records using a
standardized data collection form. Baseline
characteristics included age, gender, diabetes
duration, body mass index (BMI), and comorbidities
including hypertension and dyslipidemia. All HbAlc
measurements were performed using high-
performance liquid chromatography (HPLC)
methods certified by the National Glycohemoglobin
Standardization Program (NGSP) and traceable to the
International Federation of Clinical Chemistry
(IFCC) reference system.

Glycemic Variability Assessment

For each patient, multiple HbAlc values over the
study period were used to calculate glycemic
variability metrics. The primary measure was the
coefficient of variation (CV), calculated as (standard

deviation/mean) x 100. Additional measures
included standard deviation (SD) and average real
variability (ARV). Patients were stratified into
tertiles based on HbAlc CV values for comparative
analysis.

Outcome Assessment

The primary outcomes were the presence of diabetic
microvascular complications, assessed through
systematic screening protocols. Diabetic retinopathy
was diagnosed using dilated fundus examination
and/or fundus photography, graded according to the
International Classification of Diabetic Retinopathy.
Diabetic nephropathy was defined as persistent
albuminuria (albumin-to-creatinine ratio >30 mg/g)
and/or estimated glomerular filtration rate <60
mL/min/1.73m? attributable to diabetes. Diabetic
neuropathy was diagnosed using clinical examination
including vibration perception, monofilament testing,
and/or nerve conduction studies where indicated.
Statistical Analysis

Continuous variables were presented as mean *+
standard deviation or median (interquartile range)
based on distribution. Categorical variables were
reported as  frequencies and  percentages.
Comparisons across HbAlc CV tertiles were
performed using ANOVA for continuous variables
and chi-square tests for categorical variables.
Logistic regression models were constructed to
assess the predictive value of glycemic variability
metrics. Model 1 included mean HbAlc, age, and
diabetes duration as covariates. Model 2 additionally
included HbAlc CV. The incremental predictive
value was assessed using area under the receiver
operating characteristic curve (AUC) analysis.
Statistical significance was set at p<0.05. All
analyses were performed using appropriate statistical
software.

Sample Size Calculation

Based on an expected microvascular complication
prevalence of 40%, alpha of 0.05, and power of 80%,
a minimum sample size of 550 patients was required
to detect a clinically meaningful difference in AUC
of 0.03 between models. The final sample of 584
patients provided adequate power for the planned
analyses.

RESULTS

Baseline Characteristics

The study included 584 patients with type 2 diabetes
mellitus. Baseline characteristics are presented in
Table 1. The mean age was 58.1+12.2 years, with 305
(52.2%) being male. Mean diabetes duration was
6.2+4.1 years, and mean BMI was 27.8+4.2 kg/m>.
Comorbidities were common, with hypertension
present in 398 (68.2%) patients and dyslipidemia in
418 (71.6%) patients.

Glycemic Control and Variability

The overall mean HbAlc was 8.25+1.72%,
indicating suboptimal glycemic control in the
majority of patients. HbAlc standard deviation was
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0.73+0.22%, with a coefficient of variation of
9.05+2.77%. There was a positive correlation
between mean HbAlc and HbAlc CV (r=0.45,
p<0.001), indicating that patients with higher average
glucose levels also demonstrated greater glycemic
variability.

Microvascular Complications Prevalence
Microvascular complications were highly prevalent
in this cohort. Diabetic retinopathy was present in
276 (47.3%) patients, diabetic nephropathy in 288
(49.3%), and diabetic neuropathy in 352 (60.3%)
patients. Any microvascular complication was
present in 504 (86.3%) patients, reflecting the high-
risk nature of this clinic-based population.

HbAlc vs CV (r=0.99, p=0.000)

Complication ¢ With Compt ¢ No Gompl — Trend Line

HoAle CV (%)

Mean HbAlC (%)

Correlation between mean HbAlc and HbAlc
coefficient of variation (CV) in type 2 diabetes
patients, stratified by presence of microvascular
complications.

Analysis by HbAlc Variability Tertiles

Patients were divided into tertiles based on HbAlc
CV: low (2.5-7.4%), medium (7.4-12.3%), and high
(12.4-17.3%). Interestingly, there were no significant
differences in the prevalence of individual
microvascular complications across tertiles (all
p>0.05), suggesting that the relationship between
glycemic variability and complications may be more
complex than initially hypothesized.

Microvascular Complications by HbAlc CV

Complication B Retinopattyy B Nephropathy B Newopathy

Prevalence ()

Prevalence of individual microvascular
complications across HbAlc coefficient of variation
(CV) tertiles in type 2 diabetes patients (n=584).
Logistic Regression Analysis

Multivariate logistic regression analysis examined
the independent predictive value of mean HbAlc and
HbA1c CV for microvascular complications. For any
microvascular  complication, mean  HbAlc
demonstrated an odds ratio of 1.59 (95% CI: 1.18-
2.13, p=0.015) per 1% increase, while HbAlc CV
showed an odds ratio of 1.09 (95% CI: 0.93-1.27,
p=0.025) per 1% increase.

Predictive Performance Comparison

ROC curve analysis revealed that adding HbAlc CV
to models containing mean HbA 1¢ resulted in modest
but statistically significant improvements in
discriminative ability. For any microvascular
complication, the AUC improved from 0.736 (95%
CI: 0.692-0.780) for HbAlc alone to 0.749 (95% CI:
0.706-0.792) when HbAlc CV was added (AAUC =
+0.014, p=0.041).

ROC Curve Comparison

— Hishic only (AIC=0738) — HbAlc + CV (AUC=0749) - - Chanco

Sensitivity
° >

1.Spacificity

ROC curve analysis comparing the predictive
performance of HbAlc alone versus HbAlc plus
coefficient of variation (CV) for any microvascular
complication in type 2 diabetes patients.

Table 1: Baseline Patient Characteristics (n=584)

Characteristic Value
Age (years), mean + SD 58.1+12.2
Male gender, n (%) 305 (52.2)
Diabetes duration (years), mean + SD 6.2+4.1
BMI (kg/m?), mean = SD 27.8+42
Hypertension, n (%) 398 (68.2)
Dyslipidemia, n (%) 418 (71.6)
Mean HbAlc (%), mean + SD 8.25+1.72
HbAlc SD (%), mean + SD 0.73+£0.22

267

International Journal of Academic Medicine and Pharmacy (www.academicmed.org)
ISSN (0): 2687-5365; ISSN (P): 2753-6556



[ HbAlc CV (%), mean + SD

[ 9.05+2.77

Table 2: Comparison by HbAlc Variability Tertiles

Characteristic Low CV (n=176) Medium CV (n=333) High CV (n=75) p-value

HbAlc CV Range (%) 2.5-74 74-12.3 12.4-17.3 -

Mean HbAlc (%) 9.03+£2.12 8.01+1.47 7.46+0.82 <0.001

Retinopathy, n (%) 80 (45.5) 162 (48.6) 34 (45.3) 0.741

Nephropathy, n (%) 93 (52.8) 159 (47.7) 36 (48.0) 0.534

Neuropathy, n (%) 115 (65.3) 189 (56.8) 48 (64.0) 0.132
Table 3: Logistic Regression Analysis Results

Complication Mean HbAlc OR (95% CI) p-value HbA1lc CV OR (95% CI) p-value

Retinopathy 1.36 (1.01-1.82) 0.015 1.08 (0.92-1.26) 0.025

Nephropathy 1.45 (1.08-1.95) 0.015 1.03 (0.88-1.20) 0.025

Neuropathy 1.46 (1.09-1.96) 0.015 1.05 (0.90-1.23) 0.025

Any Microvascular 1.59 (1.18-2.13) 0.015 1.09 (0.93-1.27) 0.025
Table 4: Predictive Performance Comparison

Complication HbAlc Alone AUC HbAlc + CV AUC A AUC p-value

Retinopathy 0.669 0.681 +0.012 0.041

Nephropathy 0.699 0.700 +0.001 0.041

Neuropathy 0.660 0.668 +0.008 0.041

Any Microvascular 0.736 0.749 +0.014 0.041

DISCUSSION independent risk factor, even if the clinical

The present study provides comprehensive evidence
regarding the relative predictive value of glycemic
variability versus traditional HbAlc measurements
for microvascular complications in type 2 diabetes.
Our findings demonstrate that while glycemic
variability provides statistically significant additional
predictive information, the clinical magnitude of this
improvement appears modest, raising important
questions about the practical utility of routine
glycemic variability assessment in clinical practice.
Relationship Between Glycemic Variability and
Microvascular Complications

The observed positive correlation between mean
HbAlc and glycemic variability (r=0.45) is
consistent with previous studies. This relationship
has important implications for interpreting the
independent effects of glycemic variability, as
patients with higher mean glucose levels naturally
tend to exhibit greater fluctuations. Interestingly,
when examining complications across glycemic
variability tertiles, we found no significant
differences in prevalence rates, which contrasts with
some previous reports. This discordance may reflect
differences in population characteristics, variability

metrics used, or the multifactorial nature of
complication development.!-?
The pathophysiological mechanisms linking

glycemic variability to microvascular complications
involve multiple pathways beyond those associated
with sustained hyperglycemia. Glucose fluctuations
may enhance oxidative stress through repeated
activation of protein kinase C and nuclear factor-xB
pathways. Additionally, glycemic variability may
promote endothelial dysfunction and accelerate
atherosclerosis through mechanisms distinct from
those associated with chronic hyperglycemia. These
biological plausibility arguments support the
conceptual framework for glycemic variability as an

magnitude is modest.[”-8]

Clinical Significance of Predictive Improvements
The incremental improvements in AUC observed in
our study, while statistically significant, were
relatively small (0.001-0.014). From a clinical
perspective, the utility of any predictive marker
depends not only on statistical significance but also
on the magnitude of improvement and practical
implications for patient care. The modest AUC
improvements observed suggest that glycemic
variability assessment may have limited utility as a
standalone screening tool for microvascular
complications.

However, it is important to consider that even small
improvements in predictive accuracy may have
clinical value when applied to large populations or
when integrated into comprehensive risk assessment
algorithms. Furthermore, glycemic variability may
serve as an indicator of treatment effectiveness or
adherence, potentially guiding therapeutic decision-
making beyond its role as a complication predictor.
Implications for Clinical Practice

Current diabetes management guidelines emphasize
HbAlc targets as the primary goal of therapy, with
recommendations for individualized targets based on
patient characteristics and comorbidities. The
findings of this study suggest that while glycemic
variability ~ provides additional prognostic
information, its clinical utility may be limited in
routine practice. The modest incremental predictive
value, combined with the additional complexity and
cost of glycemic variability assessment, raises
questions about cost-effectiveness in resource-
constrained healthcare systems.

Nevertheless, glycemic variability assessment may
have particular value in specific clinical scenarios.
Patients with apparently adequate HbA 1c control but
continuing complication progression might benefit
from glycemic variability evaluation. Additionally,
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the choice of glucose-lowering therapies with
different effects on glycemic variability could be
informed by individual patient variability profiles.
Methodological Considerations and Limitations
Several limitations of our study warrant
consideration. First, the retrospective design limits
our ability to establish causal relationships between
glycemic variability and complications. The cross-
sectional assessment of complications also prevents
evaluation of incident complications over time,
which may be more strongly associated with
glycemic variability.

Second, our use of HbAlc-based variability metrics,
while practical for clinical application, may not
capture short-term glycemic fluctuations that could
be more directly relevant to complication
pathogenesis. Continuous glucose monitoring-based
metrics might provide more sensitive measures of
glycemic variability. However, HbA1c-based metrics
remain more readily available in clinical practice and
have been the focus of most large-scale studies in this
field.

Third, the high prevalence of complications in our
clinic-based  population (86.3%  with any
microvascular complication) may limit the
generalizability of our findings to broader diabetes
populations. This high prevalence likely reflects
referral bias to a tertiary diabetes center and may have
influenced the observed relationships between
predictors and outcomes.

Comparison with Previous Studies

Our findings align partially with previous research
demonstrating  associations between glycemic
variability and microvascular complications.
However, the magnitude of associations observed in
our study was more modest than reported in some
previous investigations. This discordance may reflect
differences in study populations, complication
assessment methods, or statistical approaches.!)

A recent meta-analysis by Gorst et al. found
consistent associations between HbAlc variability
and both micro- and macrovascular complications
across multiple studies. However, the authors noted
significant heterogeneity in variability metrics, study
populations, and outcome assessment methods,
highlighting the need for standardized approaches to
this field of research.

Future Directions

Several important research directions emerge from
these findings. First, prospective studies with
incident complication outcomes are needed to clarify
the temporal relationships between glycemic
variability and complication development. Second,
standardization of glycemic variability metrics and
their measurement approaches is essential for
advancing the field.

Third, investigation of whether interventions
specifically targeting glycemic variability (beyond
traditional glucose lowering) improve complication
outcomes would provide crucial evidence for clinical
application. Novel therapeutic approaches, including
continuous glucose monitoring-guided therapy and

medications with favorable effects on glycemic
variability, offer promising avenues for such
investigations.

Finally, cost-effectiveness analyses are needed to
determine whether the modest clinical benefits of
glycemic variability assessment justify the additional
costs and complexity in various healthcare settings.

CONCLUSION

This large retrospective cohort study demonstrates
that glycemic variability, as measured by HbAlc
coefficient of wvariation, provides statistically
significant but modest additional predictive value for
microvascular complications in type 2 diabetes
beyond traditional HbAlc measurements. While
these findings support the biological plausibility of
glycemic variability as an independent risk factor, the
clinical magnitude of the improvement appears
limited.

The results suggest that HbAlc remains the primary
metric for assessing diabetes-related complication
risk, with glycemic variability playing a
supplementary role. Routine assessment of glycemic
variability in clinical practice may have limited utility
based on these findings, though it may provide value
in specific clinical scenarios or as part of
comprehensive risk assessment algorithms.

Future research should focus on prospective studies
with incident outcomes, standardization of variability
metrics, and investigation of interventions
specifically targeting glycemic variability. Until such
evidence becomes available, clinicians should
continue to prioritize traditional HbA1c-based targets
while remaining aware of the potential additional
prognostic information provided by glycemic
variability assessment in selected patients
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