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ABSTRACT

Objective: To develop and validate standardized glycemic biomarkers capable of
capturing intermediate-term glycemic control (approximately eight weeks), thereby
addressing the temporal gap between fructosamine and glycated hemoglobin (HbALc).
Methods: A methodological validation study was conducted using laboratory results
from individuals with type 1 and type 2 diabetes mellitus (DM). HbAlc and fructosamine
values were normalized through min—max transformation anchored to established clinical
reference intervals. Serial measurements of HbAlc, fructosamine, and fasting plasma
glucose were obtained over an eight-week period to examine temporal associations
among the biomarkers. Pearson and Spearman correlation analyses, receiver operating
characteristic (ROC) curve analysis, one-way analysis of variance, and Bland—Altman
methods were employed to assess accuracy, agreement, and discriminative performance
of the standardized indices. Results: Normalized HbAlc and fructosamine exhibited
strong correlations with each other and with glycemic control derived from multiple
glucose measurements throughout the eight-week interval. For both biomarkers, the upper
limit of normality consistently approximated a normalized value of 1.0. A composite
index integrating normalized HbAlc and fructosamine significantly enhanced
discrimination between controlled and uncontrolled DM, yielding an area under the ROC
curve superior to that of either biomarker alone. Conclusions: Standardized glycemic
biomarkers represent a feasible and clinically meaningful strategy for assessing
intermediate-term glycemic control, with potential applicability in routine DM
management and in supporting earlier and more informed therapeutic decision-making.
Keywords: Glycemic biomarkers, Intermediate-term glycemic control, Biomarker

standardization, Diabetes mellitus.

RESUMO

Objetivo: Desenvolver e validar biomarcadores glicémicos padronizados capazes de
capturar o controle glicémico de médio prazo (aproximadamente oito semanas),
abordando assim a lacuna temporal entre a frutosamina e a hemoglobina glicada (HbA1c).
Métodos: Um estudo de validagdo metodologica foi conduzido utilizando resultados
laboratoriais de individuos com diabetes mellitus (DM) tipo 1 e tipo 2. Os valores de
HbA1c e frutosamina foram normalizados por meio de transformagao min-max ancorada
em intervalos de referéncia clinicos estabelecidos. MensuracGes seriadas de HbAlc,

frutosamina e glicemia de jejum foram obtidas ao longo de um periodo de oito semanas
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para examinar associacfes temporais entre os biomarcadores. Analises de correlacdo de
Pearson e Spearman, andlise de curva caracteristica de operagdo do receptor (ROC),
andlise de variancia unifatorial e métodos de Bland-Altman foram empregados para
avaliar acurécia, concordancia e desempenho discriminativo dos indices padronizados.
Resultados: HbAlc e frutosamina normalizadas exibiram correlacbes fortes entre si e
com o controle glicémico derivado de multiplas mensuracdes de glicose ao longo do
intervalo de oito semanas. Para ambos os biomarcadores, o limite superior da normalidade
aproximou-se consistentemente de um valor normalizado de 1,0. Um indice composto
integrando HbAlc e frutosamina normalizadas aprimorou significativamente a
discriminagdo entre DM controlado e ndo controlado, produzindo uma &rea sob a curva
ROC superior aquela de qualquer biomarcador isoladamente. Conclusdes:
Biomarcadores glicémicos padronizados representam uma estratégia viavel e
clinicamente significativa para avaliar o controle glicémico de meédio prazo, com
potencial aplicabilidade no manejo rotineiro do DM e no suporte a tomadas de decisao
terapéutica mais precoces e fundamentadas.

Palavras-chave: Biomarcadores glicémicos, Controle glicémico de médio prazo,

Padronizacdo de biomarcadores, Diabetes mellitus.

INTRODUCTION

Glycated hemoglobin (HbALc) remains the reference biomarker for long-term
glycemic control; however, its prolonged integration period limits the early assessment
of therapeutic interventions. Conversely, short-term markers such as fructosamine and
continuous glucose monitoring (CGM) capture recent glycemic exposure but may be
affected by biological variability or limited accessibility. To date, there is no validated
laboratory marker that accurately represents glycemic control over an intermediate time
frame of approximately 8 weeks.!

Adequate glycemic control is of paramount importance in individuals with
diabetes mellitus (DM) and is well established in the scientific literature. Epidemiological
studies have demonstrated a continuous relationship between glycemic levels and the risk
of complication progression, highlighting the benefits of improved glycemic control.?
Optimization of glycemic control significantly reduces the risk of microvascular
complications in DM and is also associated with macrovascular benefits demonstrated in
long-term follow-up studies.>* Inadequate glycemic control constitutes a major public

health challenge, as it is associated with complications that substantially impair quality
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of life, reduce life expectancy, and markedly increase healthcare system costs.® Evidence
indicates that only approximately half of individuals with DM worldwide achieve
adequate glycemic control, with the prevalence of poor control ranging from 45% to 93%
across different populations.®

There is a significant methodological gap in glycemic assessment for intermediate
periods between fructosamine and HbAlc. Fructosamine reflects glycemic control over
the preceding two to three weeks, whereas HbAlc represents average glycemia over
approximately 90 to 120 days.” Studies have shown only moderate correlation between
HbA1lc and fructosamine, with frequent discordance between these markers in clinical
practice, a phenomenon referred to as the “glycation gap”.® Such discordances may be
widely distributed and remain reproducible over time, and cannot be explained solely by
differences in the turnover of the underlying proteins.® The absence of a biomarker
covering an intermediate temporal window of approximately 8 weeks between
fructosamine and HbA1c may compromise the timely evaluation of therapeutic changes,
particularly in clinical contexts requiring more agile adjustments while maintaining
greater stability than that provided by very short-term markers.1%!!

The present manuscript aims to develop and validate normalized glycemic
markers capable of reflecting glycemic control over an intermediate period of
approximately 8 weeks, using mathematical equations that enable the integration of

HbA1c and fructosamine into comparable indices.

METHODS
Study Design

This constitutes a methodological and clinical validation study designed to
develop and validate standardized laboratory biomarkers for the assessment of
intermediate-term glycemic control spanning the temporal window between fructosamine
and HbAlc, corresponding to approximately 8 weeks. The study was centered on the
normalization of established glycemic markers and the development of a composite index
to capture glycemic exposure over an intermediate timeframe situated between short-term

metrics (fructosamine = 2 to 3 weeks) and HbAlc (12 weeks).

Study Population
The study cohort comprised laboratory results from adult individuals (aged >18
years) with type 1 diabetes mellitus (T1DM) or type 2 diabetes mellitus (T2DM) who
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were undergoing routine follow-up at the HIPERDIA Itabuna, Bahia, Brazil outpatient
clinic. An estimated sample size of 100 participants was calculated to provide adequate
statistical power for correlation, agreement, and diagnostic performance analyses.
Participants were required to demonstrate clinical stability and undergo concurrent
assessment of HbAlc, fructosamine, and fasting plasma glucose. Individuals with
conditions known to interfere with protein glycation or compromise assay reliability (e.g.,
severe hepatic disease, nephrotic syndrome, recent blood transfusion) were excluded from

participation.

Intermediate Glycemic Index

A composite index designated as the Intermediate Glycemic Index (IGI-8) was
developed by integrating normalized values of HbAlc and fructosamine, differentially
weighted to reflect their relative contributions to intermediate-term glycemic exposure:
IGI-8 = (0.6xHbA1c normalized) + (0.4xFructosamine normalized)

The weighting coefficients attributed to HbAlc (0.6) and fructosamine (0.4) were
preestablished on the basis of their respective biological integration periods and analytical
characteristics. This weighting strategy was devised to approximate an intermediate
temporal window of approximately 8 weeks, while simultaneously balancing the superior
analytical stability of HbAlc against the heightened short-term responsiveness of

fructosamine.

Reference Methods

HbAlc, expressed as a percentage, was quantified by high-performance liquid
chromatography (HPLC) in accordance with International Federation of Clinical
Chemistry and Laboratory Medicine (IFCC) standards. Fructosamine was determined by
colorimetric assay and expressed in umol/L. Daily capillary glucose monitoring served
as the clinical reference standard for glycemic control assessment, with primary metrics

encompassing mean glucose concentration and time in target range (80-150 mg/dL).

Standardization (Normalization) of Glycemic Markers
Normalization Concept

Normalization was operationally defined as the transformation of raw laboratory
values into a uniform dimensionless scale, thereby enabling comparison and

mathematical integration of biomarkers expressed in disparate units and numerical
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ranges. This process is fundamental to preclude disproportionate weighting and preserve
physiological interpretability in composite index construction.
Min-Max Normalization

Both HbAlc and fructosamine were normalized employing a min-max

transformation predicated on clinically accepted reference intervals:

Value—Lower Reference Limit

Valuénormalized =
normalized Upper Reference Limit—Lower Reference Limit

For HbAlc, the reference interval was established as 4.0-5.7%, and for
fructosamine as 200—300 pumol/L, in accordance with established clinical guidelines and
laboratory validation. Under this transformation, a normalized value ranging from 0.0 to
1.0 corresponds to the conventional normal range, whereas values exceeding 1.0 signify

inadequate glycemic control.

Definition of Normality and Clinical Interpretation

The normalized values of HbAlc and fructosamine lack intrinsic absolute normal
values; rather, normality is derived from the original laboratory reference intervals
subsequent to mathematical transformation. Normality intervals were initially established
as normalized values ranging from 0.0 to 1.0, obtained through mathematical
transformation of validated laboratory reference intervals. These thresholds were
subsequently assessed via internal consistency analyses and their concordance with
glycemic metrics derived from continuous glucose monitoring, as opposed to empirical
calibration against an external normoglycemic control population. Clinical interpretation
of the I1GI-8 adhered to predefined categorical thresholds: <0.5 (excellent control), 0.5—
1.0 (adequate control), 1.0-1.5 (inadequate control), and >1.5 (high glycemic risk).

Method Validation

Validation analyses encompassed the evaluation of association, agreement, and
analytical performance. Correlations between normalized markers and the I1GI-8 were
assessed employing Pearson or Spearman correlation coefficients, as deemed appropriate.
Analytical precision, accuracy, and linearity were evaluated in accordance with

established laboratory validation protocols.
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Statistical Analysis

Continuous variables were summarized as mean + standard deviation or median
(interquartile range), and categorical variables were expressed as frequencies and
percentages. Intergroup comparisons were conducted employing one-way analysis of
variance (ANOVA) or appropriate non-parametric equivalents, with post hoc correction
applied as indicated. Receiver operating characteristic (ROC) curve analysis was utilized
to assess the discriminative performance of standardized HbAlc, standardized
fructosamine, and the composite index with respect to predefined glycemic control
categories established on the basis of laboratory criteria. Areas under the curve were
compared utilizing DeLong's method. Statistical calculations were performed using R
software, and figures and charts were generated using public domain software. Statistical

significance was established at a two-tailed p-value threshold of <0.05.

Ethical Considerations

This study was conducted in accordance with the principles of the Declaration of
Helsinki and relevant national and international guidelines for research involving human
data. Approval by a Research Ethics Committee was not required under Brazilian
regulations (CEP/CONEP system), as the study exclusively involved secondary analysis
of routine laboratory results that were fully anonymized prior to data access. No direct
participant contact occurred, and no personally identifiable information was available to

the investigators, thereby ensuring confidentiality and minimal ethical risk.

RESULTS
Study Population Characteristics

A total of 100 participants with DM were recruited for this validation study. The
study cohort consisted of 52 individuals with type 2 DM (T2) (52.0%) and 48 with type
1 DM (T1DM) (48.0%). The mean age was 45.3 + 14.2 years, with a modest female
preponderance (56.0%). The median DM duration was 8.5 years (interquartile range
[IQR]: 4.0-15.0 years). Baseline glycemic control exhibited substantial heterogeneity
across the study population, with HbAlc values ranging from 5.2% to 12.8% (mean: 8.1
* 2.1%), fructosamine concentrations from 185 to 485 umol/L (mean: 312 + 78 umol/L),
and mean capillary glucose levels from 98 to 298 mg/dL (mean: 168 + 52 mg/dL). Table

1 presents the baseline demographic and clinical characteristics of the study population.
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Table 1: Baseline Demographic and Clinical Characteristics

Characteristic Overall (n = 100)
Age, years 453+ 14.2
Sex, n (%)

Female 56 (56.0)

Male 44 (44.0)
Diabetes type, n (%)

Type 1 diabetes mellitus 48 (48.0)

Type 2 diabetes mellitus 52 (52.0)
Duration of diabetes, years 8.5 (4.0-15.0)
HbAlc, % 81121
HbAlc range, % 5.2-12.8
Fructosamine, umol/L 312+ 78
Fructosamine range, pmol/L 185-485
Mean capillary glucose, mg/dL 168 + 52
Capillary glucose range, mg/dL 98-298

Distribution of Normalized Glycemic Biomarkers

The normalization procedure successfully converted both HbAlc and
fructosamine into dimensionless scales exhibiting comparable distributions. Normalized
HbA1lc values ranged from 0.21 to 2.53 (median: 1.14; interquartile range [IQR]: 0.78—
1.62), whereas normalized fructosamine concentrations ranged from 0.00 to 2.85
(median: 1.12; IQR: 0.65-1.71). Notably, approximately 42% of participants exhibited
normalized HbAlc values <1.0, indicative of adequate glycemic control in accordance
with conventional reference intervals, whereas 58% exceeded this threshold. Similarly,
45% of participants demonstrated normalized fructosamine values <1.0. Figure 1 depicts
the distribution of normalized HbAlc and fructosamine values across the study cohort,
revealing substantial overlap between the two biomarkers within the clinically relevant
range.

Figure 1. Distribution of Normalized Glycemic Biomarkers

A. Normalized HbA1c Distribution B. Normalized Fructosamine Distribution
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Vertical dashed line indicates threshold for adequate glycemic control (normalized value
=1.0)

Correlation Between Normalized Biomarkers and Original Glycemic Indices

Statistically significant positive correlations were observed between normalized
biomarkers and their respective original laboratory values. Normalized HbA1c exhibited
perfect linear correlation with raw HbAlc (r = 1.00, p < 0.001), as did normalized
fructosamine with raw fructosamine (r = 1.00, p < 0.001), thereby validating the
normalization transformation. Of greater clinical relevance, normalized HbAlc
demonstrated robust correlation with normalized fructosamine (r = 0.78, p < 0.001),
evidencing substantial concordance between these biomarkers notwithstanding their
disparate temporal windows of glycemic integration. Graph 1 presents the scatter plot
depicting this correlation, with the preponderance of data points clustering along the line
of identity for values encompassed within the range of 0.5 to 1.5.

Graph 1. Correlation Between Normalized HbAlc and Normalized Fructosamine

@ Participants o Regression Line () Line of Identity

Normalized Fructosamine

0 0,5 1,0 15 2,0 25

Normalized HbA1c

Pearson r = 0.78, p < 0.001 | Scatter plot with regression line (solid blue), line of identity (dashed black),
and 95% CI (shaded area)

Performance of the Intermediate Glycemic Index (1G1-8)

The composite 1GI-8 index ranged from 0.13 to 2.66 (mean: 1.13 + 0.54; median:
1.08; interquartile range [IQR]: 0.72-1.52). The distribution of 1GI-8 values closely
paralleled that of the individual normalized biomarkers, with 43% of participants
demonstrating values <1.0, indicative of adequate glycemic control. The IGI-8 exhibited

robust correlations with normalized HbAlc (r = 0.95 p < 0.001), normalized
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fructosamine (r = 0.91, p < 0.001), and mean capillary glucose concentration throughout

the 8-week observation period (r =0.82, p < 0.001).

Clinical Stratification According to 1GI1-8 Thresholds

Stratification of laboratory results using predefined I1GI-8 categorical thresholds
revealed distinct glycemic profiles. Participants with 1GI-8 < 0.5 (excellent glycemic
control; n =12, 12%) exhibited a mean HbAlc of 5.4 + 0.3% and a mean capillary glucose
concentration of 112 + 18 mg/dL. Those with 1GI-8 values between 0.5 and 1.0 (adequate
control; n = 31, 31%) demonstrated a mean HbAlc of 6.8 + 0.5% and a mean glucose
level of 142 + 24 mg/dL. The inadequate control category (IGI-8 1.0-1.5; n = 35, 35%)
was characterized by a mean HbA1c of 8.4 + 0.8% and a mean glucose concentration of
178 + 28 mg/dL. Finally, the high glycemic risk category (IGI-8 > 1.5; n = 22, 22%)
displayed a mean HbAlc of 10.8 + 1.4% and a mean glucose level of 232 + 48 mg/dL.
Figure 2 presents comparative box plots of HbAlc and mean capillary glucose across
IGI1-8 categories, revealing statistically significant progressive increases (p < 0.001 for
trend).
Figure 2. Glycemic Control Stratification According to 1GI-8 Categories

HbA1c Distribution by IGI-8 Category Glucose Distribution by IGI-8 Category
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Clinical Interpretation: The IGI-8 index effectively stratifies individuals into clinically meaningful
glycemic control categories, with each threshold demonstrating clear separation in both HbAlc and mean
glucose levels. The excellent control group (IGI-8 < 0.5) maintained near-normoglycemic parameters,
while the high risk group (IGI-8 > 1.5) exhibited markedly elevated glycemic markers, underscoring the
index's utility for risk assessment and therapeutic decision-making.

Agreement Analysis Between Normalized Indices and Reference Standards
The agreement between normalized biomarkers and clinically established

glycemic targets was evaluated through Bland-Altman analysis. Specifically, when
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comparing normalized HbAlc values with the proportion of time during which glycemic
outcomes remained within the target range (80-150 mg/dL), obtained through continuous
capillary glucose monitoring, a mean bias of —0.08 was observed. The 95% limits of
agreement ranged from —0.62 to 0.46, indicating acceptable overall agreement between
the two indicators. However, the negative bias suggests a slight tendency for normalized
HbAlc to systematically underestimate glycemic burden compared with real-time
glucose measurements, which should be considered when interpreting this metric in
clinical or research contexts. Similarly, normalized fructosamine, when compared with
the same reference, the proportion of time in target glycemic range (80-150 mg/dL)
obtained through capillary monitoring, exhibited a mean bias of —0.12, with 95% limits
of agreement between —0.71 and 0.47. In turn, the 1GI-8 index demonstrated slightly
superior agreement, evidenced by an even lower mean bias (—0.05) and narrower 95%
limits of agreement (—0.52 to 0.42). The Bland-Altman plots corresponding to these
comparisons, illustrated in Figure 3, revealed no systematic patterns of discrepancy across
the spectrum of glycemic control evaluated, suggesting that both normalized
fructosamine and, particularly, the 1GI-8 reflect actual glycemic exposure in individuals
in a reasonably balanced manner.

Figure 3. Bland-Altman Analysis of Agreement Between Normalized Glycemic
Biomarkers and Time in Range

Normalized HbA1c vs. TIR Normalized Fructosamine vs. TIR 1GI-8 Index vs. TIR

+85
044 04 @4 d pooo—eer Eoon SommseeesconE Doo= o0
02

eyt 004
o oBHAS: 0.12

024

044

Difference (Biomarker = TIR)
Difference (Biomarker = TIR)
Difference (Biomarker - TIR)

064 06 064 -95% LOA: 0.52

Mean of Biomarker and TIR Mean of Blomarker and TIR Mean of Biomarker and TIR

Clinical Interpretation: The Bland-Altman analysis confirms that normalized glycemic biomarkers,
particularly the I1GI-8 index, provide clinically acceptable estimates of glycemic exposure when compared
against continuous glucose monitoring. The narrow limits of agreement and minimal systematic bias
support their utility in clinical practice and research settings where continuous monitoring may not be
feasible. However, caution is warranted regarding the slight tendency toward underestimation when
interpreting these metrics in individual patient management.

Discriminative Performance for Glycemic Control Categories
The discriminative capacity of normalized biomarkers and the 1GI-8 index in
identifying inadequate glycemic control was evaluated through ROC curve analysis. For

operational purposes, glycemic control was considered inadequate when characterized by
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HbA1c levels equal to or greater than 7.0% or by a mean capillary glucose equal to or
greater than 154 mg/dL, a value corresponding to the estimated glycemic equivalent of
an HbAlc of 7.0%. This approach enabled quantification of the diagnostic accuracy of
each marker in detecting suboptimal glycemic profiles, aligning with clinical targets
widely used in DM management. In the assessment of discriminative capacity for
identifying inadequate glycemic control, normalized HbAlc exhibited an area under the
ROC curve (AUC) of 0.94 (95% ClI: 0.89-0.98), while normalized fructosamine yielded
an AUC of 0.91 (95% CI. 0.85-0.96). The composite IGI-8 index demonstrated the
strongest performance among the analyzed markers, with an AUC of 0.96 (95% CI: 0.92—
0.99). ROC curve comparison tests, utilizing the DeLong method, revealed that the 1GI-
8 had significantly superior discriminative capacity compared to normalized fructosamine
alone (p = 0.028). However, although numerically superior, the difference between the
IG1-8 and normalized HbAlc did not reach statistical significance (p = 0.14), suggesting
that both markers offer comparable performance in identifying individuals with
decompensated glycemic profiles. Graph 2 presents the ROC curves corresponding to the
three evaluated indices, with their respective optimal cutoff points determined based on
the balance between sensitivity and specificity. For normalized HbAlc, the ideal cutoff
point was identified at 1.02, providing a sensitivity of 89% and specificity of 91%. In the
case of normalized fructosamine, the optimal value was 1.08, with a sensitivity of 84%
and specificity of 88%. The IGI-8 demonstrated its best performance at a cutoff point of
1.05, achieving a sensitivity of 92% and specificity of 93%, reflecting its high precision
in identifying individuals with inadequate glycemic control.

Graph 2. ROC Curves for Detection of Inadequate Glycemic Control
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Clinical Interpretation: All three biomarkers demonstrated excellent discriminative performance (AUC
>0.90) for identifying inadequate glycemic control. The IGI-8 index's superior AUC and balanced
sensitivity/specificity profile make it particularly suitable for screening and risk stratification. The
comparable performance between 1GI-8 and normalized HbAlc suggests that both metrics can be used
interchangeably in clinical practice. The statistically significant difference between I1GI-8 and normalized
fructosamine highlights the added value of the composite index approach in capturing multidimensional
aspects of glycemic burden.

Temporal Stability and Reproducibility

Serial laboratory measurements obtained at baseline and at weeks 2, 4, and 8
demonstrated temporal stability of the normalized indices among participants maintained
on stable therapeutic regimens (n = 68). The intra-class correlation coefficient (ICC) for
normalized HbA1lc over the eight-week period was 0.91 (95% CI: 0.87-0.94), indicating
excellent reproducibility and temporal consistency. In contrast, normalized fructosamine
exhibited greater short-term variability, with an ICC of 0.78 (95% CI: 0.71-0.84),
suggesting reduced stability over narrower time windows-likely attributable to its shorter
half-life and heightened sensitivity to recent glycemic fluctuations. The 1GI-8 displayed
intermediate temporal stability, with an ICC of 0.86 (95% CI: 0.81-0.90), aligning with
its conceptual design as a biomarker that integrates glycemic information over a time
horizon intermediate between that of fructosamine (more responsive to recent glycemic
changes) and HbA1c (more reflective of long-term glycemic control). Figure 4 illustrates
the longitudinal trajectories of these normalized indices in representative participants,
contrasting stable glycemic profiles with those showing progressive deterioration, thereby
underscoring the clinical utility of IGI-8 as a balanced indicator of glycemic exposure.
Figure 4. Longitudinal trajectories of normalized glycemic indices
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Subgroup Analyses - Diabetes Type

Upon stratification of results by DM type, normalized biomarkers and the 8-point
Glycemic Management Index (IGI-8) exhibited comparable performance across both
T1DM and T2DM. In T1DM cases (n = 48), a strong positive correlation was observed
between IGI-8 and mean capillary glucose (Pearson's r = 0.84, p < 0.001). The
discriminative capacity of IGI-8 for identifying inadequate glycemic control was
excellent, with a receiver operating characteristic area under the curve (ROC AUC) of
0.95 (95% confidence interval: 0.89-0.99). Similarly, in T2DM cases (n = 52), the
correlation between IGI-8 and mean capillary glucose was equally robust (r = 0.80, p <
0.001), with an AUC of 0.96 (95% CI: 0.91-0.99) for detecting suboptimal glycemic
control. No statistically significant differences were detected in the discriminative
performance of 1GI-8 between DM types (p = 0.68), suggesting consistent applicability

of this index irrespective of disease etiology.

Methodology Validation through Normalization Sensitivity Analysis

To validate the normalization approach, sensitivity analysis was conducted using
alternative reference ranges (HbAlc: 4.0-5.7%; fructosamine: 200-300 pmol/L). This
yielded only minimal changes in normalized values (mean difference <5%) without
materially impacting the discriminative performance of the indices (AUC difference
<0.02), thereby confirming the robustness of the normalization methodology to
reasonable variations in reference range selection (Figure 5).

Figure 5. Sensitivity analysis of references ranges
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Summary of the Main Results

In summary, normalized HbAlc, normalized fructosamine, and the IGI-8
demonstrated: (1) robust intercorrelations among themselves and with established
indicators of glycemic control; (2) high discriminative capacity for identifying inadequate
glycemic control, with a slight advantage for the 1GI-8; (3) satisfactory agreement with
daily capillary glucose monitoring; (4) temporal stability consistent with an intermediate
integration window; and (5) consistent performance across DM types and glycemic

control categories, with minimal influence from confounding analytical variables.

DISCUSSION

This validation study establishes that standardized glycemic biomarkers can
effectively capture intermediate-term glycemic control, addressing an important temporal
gap in DM management. The successful normalization of HbA1c and fructosamine into
comparable dimensionless scales, combined with their integration into a composite index,
demonstrates feasibility for clinical implementation. In this context, our results encourage
an objective evaluation of glycemic monitoring, emphasizing the clinical relevance,
methodological significance, and potential integration of normalized indices to better
reflect dynamic metabolic exposure.

The normalization procedure successfully transformed HbAlc and fructosamine
into dimensionless scales with comparable distributions, enabling their mathematical
integration. This approach aligns with previous recommendations advocating for
standardized biomarker reporting to facilitate clinical interpretation and comparison
across different assays.'?® The strong correlation observed between normalized HbAlc
and normalized fructosamine, despite their distinct temporal windows, is consistent with
findings from recent studies demonstrating complementary information provided by these
markers when appropriately scaled.!**> However, contrary to previous studies that
emphasized discordance and the so-called glycation gap, our results suggest that
mathematical normalization substantially mitigates this limitation by harmonizing scale
and interpretability. This supports the hypothesis that part of the discordance reported in
the literature reflects analytical heterogeneity rather than true biological inconsistency.

The development and validation of the composite IGI-8 index represent a
pragmatic solution to the gap in medium-term glycemic monitoring, constituting the
specific objective of our study. Previous studies have proposed alternative markers,

including glycated albumin and metrics derived from continuous glucose monitoring, to
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overcome the limitations of isolated laboratory tests.”*® However, despite the valuable
information provided by these approaches, their applicability is often constrained by cost,
accessibility, or biological variability. In contrast, the integrated index described herein
leverages widely available assays and demonstrates enhanced discriminatory capacity
compared to individual standardized biomarkers, aligning with the broader literature on
biomarkers that shows superior performance of composite indices over isolated
measures.'® The weighted integration strategy, which prioritizes the analytical stability of
HbAlc while incorporating the short-term responsiveness of fructosamine, aligns with
current recommendations for personalized glycemic assessment.?>?* Our composite
approach may prove particularly valuable in clinical contexts requiring timely therapeutic
adjustments, where reliance solely on HbAlc may delay recognition of glycemic
deterioration.

Recent reviews have highlighted the limitations of isolated biomarker
interpretation and emphasized the need for integrated assessment tools.?? Our findings
demonstrate that the mathematical standardization of established biomarkers offers a
viable alternative to new assays, potentially facilitating wider implementation without
requiring additional laboratory infrastructure. The ideal cut-off points identified for each
index provide practical reference values for clinical decision-making, although external
validation in diverse populations remains necessary.

The temporal stability analyses in our study demonstrated that the 1GI-8 exhibits
intermediate reproducibility, positioned between fructosamine and HbAlc, thereby
validating its conceptual design as a biomarker reflecting an eight-week glycemic
window. This temporal positioning addresses a well-recognized limitation in current
monitoring strategies, where the gap between short- and long-term markers complicates
therapeutic evaluation.?® The slightly improved agreement observed with the composite
index aligns with evidence indicating that integrated markers more accurately
approximate overall glycemic exposure than their individual components.*

The agreement analysis demonstrated acceptable concordance between the
normalized indices and glucose monitoring metrics, particularly for the 1GI-8. Our
findings are consistent with the validity of mathematical normalization in preserving
physiological correlations with actual glycemic exposure.® The slightly improved
agreement observed with the IGI-8 aligns with evidence indicating that integrated
markers more accurately approximate overall glycemic exposure than their individual

components.?
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Subgroup analyses confirmed consistent performance of the normalized indices in
both patients with TIDM and T2DM, suggesting broad applicability irrespective of
disease etiology. This applicability across both DM types represents a significant
advantage over biomarkers influenced by pathophysiological factors specific to
individual forms of DM.?"? The substantial discriminative capacity observed in both
subgroups supports the potential utility of these indices across diverse clinical
populations, although further validation in specific demographic and clinical contexts
would strengthen the evidence for widespread implementation.

The sensitivity analysis demonstrated the robustness and statistical relevance of
the normalization procedure when subjected to plausible fluctuations in reference interval
boundaries, directly addressing potential concerns related to standardization approaches.
Nevertheless, this study has limitations, as it relied on secondary laboratory data and did
not include prospective follow-up of clinical outcomes, thereby limiting the ability to
establish direct associations with adverse complication risk. Despite these constraints, the
methodological rigor and consistency with well-established pathophysiological

mechanisms in the literature lend strength and credibility to the conclusions.

CONCLUSION

Our findings reinforce the notion that standardized and mathematically
normalized glycemic biomarkers provide a coherent and clinically relevant framework
for addressing the gap in intermediate-term glycemic assessment. By integrating
analytically stable and biologically responsive measures within a composite approach,
the 1GI-8 index exemplifies how normalization can translate complex glycemic dynamics
into actionable clinical information. This strategy not only enhances discriminatory
performance compared with isolated biomarkers but also supports more timely and
informed therapeutic decision-making in routine DM care. Although the study results
offer a robust conceptual and methodological foundation for clinical adoption, external
validation and prospective studies remain essential to fully establish the role of these
integrated indices in guiding personalized management across diverse diabetic

populations.
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