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ABSTRACT
Introduction  The major challenge for diabetes prevention 
is early identification of individuals at risk to allow for 
implementation of measures to delay the onset of future 
disease. Measures such as fasting plasma glucose 
(FPG), 2-hour plasma glucose (2hPG), and glycosylated 
hemoglobin (HbA1c) are equally appropriate for identifying 
pre-diabetes and diabetes, but do not all identify the 
disease in the same individual. We tested the utility of a 
diagnostic method combining FPG, 2hPG and HbA1c for 
early evaluation and easy identification of pre-diabetes.
Research design and methods  531 subjects underwent 
skin autofluorescence (SAF) and glycemia analyses. We 
created two classification groups based on the American 
Diabetes Association diagnosis guidelines: (1) based 
on 2hPG and (2) based on a new combination of three 
glycemia parameters (the three-criteria strategy (3-c)). 
Logistic regression modeling was used to estimate the 
associations.
Results  SAF showed high associations for both 3-c 
definition and 2hPG definition alone. These associations 
appeared stronger in 3-c than those in 2hPG. The non-
invasive SAF measurement outperformed 2hPG in the 
detection of dysglycemia or pre-diabetes. Stepwise 
selections identified 1-hour postload glucose (1hPG) as 
variable identifying pre-diabetes using the 2hPG criterion, 
and the model based on 1hPG plus SAF appeared to be the 
best association using the 3-c strategy.
Conclusions  1hPG coupled with SAF showed a strong 
association in the evaluation of pre-diabetes using the 3-c 
method.

INTRODUCTION
Diabetes mellitus is considered a multifacto-
rial, chronic metabolic disorder characterized 
by hyperglycemia owing to insulin resistance 
(IR) and insulin deficiency.1 Recent epide-
miological data showed that diabetes affects 
people worldwide, reaching a prevalence of 
412 million in 2015, and adding a plethora 
of people having risk factors that include 
impaired fasting glucose (IFG), impaired 
glucose tolerance (IGT), gestational diabetes 
and euglycemic IR this figure is expected to 

increase.2 From this view, it has been esti-
mated that a substantial number of people, 
50% of people in the general population 
20–79 years of age globally, are unaware 
of their disease (http://www.​diabetesatlas.​
org; International Diabetes Federation, IDF 
Diabetes Atlas Eighth Edition), exposing 
them to the risk of increased morbidity and 
mortality attributable to the onset of micro-
vascular and macrovascular complications. 
Dysglycemia—also called glucose abnormali-
ties (GAs)—which includes isolated IFG and/
or isolated IGT, represents a risk factor for 
developing diabetes and its related cardio-
vascular complications, which appear silently 
and several years before the clinical mani-
festation of the disease.3 Thus, promoting 
prevention strategies through early identifi-
cation of subjects who are mostly free of clin-
ical signs of diabetes should be considered 
a great public health priority to reduce the 

Significance of this study

What is already known about this subject?
►► Previous studies identified 1-hour postload glucose 
(1hPG) as a valuable risk factor for the development 
of pre-diabetes and type 2 diabetes mellitus, as well 
as cardiovascular disease.

What are the new findings?
►► The prevalence of pre-diabetes is expected to in-
crease worldwide.

►► This cross-sectional study identifies the associations 
of 1hPG plus skin autofluorescence with dysglyce-
mia and pre-diabetes.

►► The novel method could be used to screen pre-
diabetes in the general population.

How might these results change the focus of 
research or clinical practice?

►► These results could represent a useful strategy to 
implement diabetes prevention.
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risk of diabetes and its associated burden. Recent clin-
ical trials widely attested that lifestyle intervention3 4 
or pharmacological therapy5 6 in subjects with IGT can 
prevent diabetes, providing a rationale for screening. 
Pre-diabetes, defined as IGT based on a 2-hour plasma 
glucose (2hPG) value of 140–199 mg/dL after a 75 g oral 
glucose tolerance test (OGTT), or IFG based on a fasting 
value of 100–125 mg/dL or glycosylated hemoglobin 
(HbA1c) between 5.7% and 6.4% (39–46 mmol/mol),7 8 
is a strong predictor of onset of cardiovascular and renal 
diseases.9 The consensus on the diagnostic definition of 
pre-diabetes is still debated10; thus, early identification of 
individuals at high risk of developing diabetes remains an 
open challenge. In recent years, 1-hour postload glucose 
(1hPG) has been recognized as a potent predictor of 
pre-diabetes,11–13 more than HbA1c, 2hPG and fasting 
plasma glucose (FPG).14–17 Moreover, few data are avail-
able on the possible role of skin autofluorescence (SAF) 
in detecting dysglycemia.18 SAF, a non-invasive measure 
of advanced glycated end-products (AGEs) associated 
with microvascular and macrovascular complications,19–22 
has been suggested for opportunistic screening and early 
detection of pre-diabetes.23

In this work we sought to explore among the cohort 
of the Diabetes Prediction and Screening Observational 
(DIAPASON) study, at baseline, the associations between 
1hPG and SAF and the prevalence of pre-diabetes using 
a strict method that combined 2hPG, FPG and HbA1c 
glycemic parameters for diagnosis.

RESEARCH DESIGN AND METHODS
Participants
The DIAPASON study is a clinical study about diabetes 
prevention, the primary endpoint of which was to esti-
mate GA, diabetes and pre-diabetes frequencies by a 
procedure primarily based on evaluation of the diag-
nostic accuracy of SAF and HbA1c. A total of 1506 partic-
ipants were selected on the basis of eligibility criteria by 
general practitioners in Milan; all subjects who filled in 
the Finnish Diabetes Risk Score (FINDRISC) question-
naire24 were invited for signed informed consent prior 
to laboratory screening. The eligibility criteria were as 
follows: age 40–75 years and FINDRISC ≥9 based on the 
results of the IGLOO study (to identify individuals with 
GAs).25 The exclusion criteria were pre-existing diag-
nosis of diabetes and of any illness and/or medication, 
such as antidiabetes drugs, with a potential effect on the 
endpoints of the study. Additional exclusion criteria were 
adopted for SAF, such as skin changes, tattoos, exces-
sive suntan, and use of bronzes or other sunless tanning 
products.

Procedure
The laboratory screening was attended by 531 partici-
pants at baseline, and body mass index (BMI), stature, 
blood pressure, OGTT at 60 and 120 min (1hPG 
and 2hPG, respectively), FPG, HbA1c, basal insulin, 

homeostasis model assessment for insulin resistance 
(HOMA-IR), lipid profile (total cholesterol, high-density 
lipoprotein, low-density lipoprotein, triacylglycerol), and 
microalbuminuria (MA) were assessed (online supple-
mentary figure 1). SAF was measured as autofluorescence 
in human skin using an AGE Reader (DiagnOptics Tech-
nologies) to estimate the accumulation of AGEs in the 
skin. SAF was determined by the ratio between the light 
intensity reflected in the 420–600 nm wavelength range 
and the light intensity in the 300–420 wavelength range 
using the AGE Reader software. The cardiovascular risk 
score (CV risk) was calculated using the Progetto Cuore 
algorithm (​www.​cuore.​iss.​it). Participants were recruited 
between January 2013 and February 2017. All subjects 
gave written informed consent.

Strategy for the definition of diagnostic groups
We grouped subjects on the basis of two classification 
criteria that met the American Diabetes Association 
(ADA) guidelines: (1) the criteria based only on 2hPG 
definition; and (2) the criteria that we named the three-
criteria strategy (3-c), which is a combined method based 
on FPG, 2hPG, and HbA1c. Specifically, FPG <100 mg/
dL plus 2hPG <140 mg/dL plus HbA1c <5.7% identified 
subjects with normoglycemia (NGT); 100 ≤ FPG ≤ 125 
mg/dL plus 140 ≤ 2hPG ≤199 mg/dL plus 5.7 ≤ HbA1c 
≤6.4% identified pre-diabetes (PRE); FPG >125 mg/dL 
plus 2hPG >199 mg/dL plus HbA1c >6.4% identified 
type 2 diabetes (T2D); and subjects not satisfying any of 
the three conditions were considered to be in the group 
of miscellaneous glycemic abnormalities (mGAs).

Plasma separation and laboratory testing
Approximately 5 mL of venous blood was extracted in 
an EDTA anticoagulant tube at room temperature. The 
venous blood sample was centrifuged at 3000× g. FPG was 
detected by the Slein method using a Siemens analyzer 
(Germany). We used OGTT to assess the 2hPG and 
1hPG values. Triacylglycerol and total cholesterol were 
measured using an automated enzymatic colorimetric test 
(Siemens). HbA1c was detected by a high-performance 
liquid chromatography automated system (Tosoh, 
Japan). Insulinemia levels were detected by a Centaur 
XP analyzer (Siemens). HOMA-IR was calculated by the 
formula ‘FPG (mg/dL) × fasting insulin (uU/mL)/405’. 
MA was detected in urine samples previously centrifuged 
for 10 min at 3000× g to avoid cellular debris using an 
IMMAGE instrument (Beckman Coulter).

Statistical analysis
Continuous variables are presented as mean and SD, 
and their distributions were assessed for normality using 
the Kolmogorov-Smirnov test. All normally distributed 
variables were compared between groups using one-way 
analysis of variance and paired contrasts. Non-normally 
distributed variables were compared between groups 
using the Kruskal-Wallis test and pairwise two-sample 
Wilcoxon comparisons. Sex, as the only categorical 
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variable, was compared between groups using the χ2 test 
or Fisher’s exact test, as appropriate. Cohen’s weighted 
kappa was used to test for agreement among FPG, 2hPG 
and HbA1c. The Spearman correlation matrix was calcu-
lated for all collected variables. For both classification 
criteria (diagnosis based on 2hPG or the 3-c), we calcu-
lated the 1hPG and SAF best cut-offs using Youden’s 
index and tested the sensitivity, specificity, positive and 
negative predicted values, positive and negative likeli-
hood ratio, and the area under the receiver operating 
characteristic (ROC) curve (AUC). Stepwise forward 
regression models were also performed, and ROC curves 
were drawn for the selected models. Finally, to evaluate 
the predictive power of 1hPG and SAF in discriminating 
between diagnostic groups (3-c), we performed multi-
variable logistic models, and ORs adjusted for age, sex 
and BMI were calculated. ROC curves for logistic models 
were drawn, and AUCs with 95% CI were calculated. 
Statistical significance was defined as p<0.05. Statistical 
analyses were carried out with SAS V.9.4 software.

RESULTS
Distribution of diagnostic groups based on different criteria
The prevalence of pre-diabetes based on FPG only did not 
differ notably from that based on 2hPG, whereas HbA1c 
% classified more cases of pre-diabetes (61%) than 
the other diagnostic criteria (table  1), suggesting that 
HbA1c is able to classify a larger proportion of subjects 
as diabetics and pre-diabetics than 2hPG or FPG, while 
FPG identified more people with normoglycemia. 2hPG 
identified a higher prevalence of newly diagnosed cases 
of T2D (6%) than FPG (1%), whereas HbA1c reached 
11% prevalence, which was higher than others.

To assess the consistency of the measuring process 
according to the same diagnostic result, we measured the 
agreements among FPG, 2hPG or HbA1c metrics using 
Cohen’s weighted kappa coefficient (k), as shown in 
table 2. The data showed slight/fair agreement (k<0.4), 
suggesting that the agreement between the criteria was 
no better than that which would be obtained by chance 
alone, in all cases.

We noticed that SAF values were highly significant when 
detecting pre-diabetes using the FPG definition only, but 
in HbA1c only SAF values were significantly high not only 
in pre-diabetes classification but also in new T2D (online 
supplementary tables S1‒S3). In online supplementary 
figure 1, SAF revealed a significant correlation with all 
glycemic parameters, reaching the highest statistical level 
with HbA1c values (p<0.0001), providing rationale for 
the use of SAF in detecting glycemic exposures. Also, the 
correlation matrix exhibited a correlation with SAF and 
all glycemic parameters, in particular HbA1c (p<0.001), 
triacylglycerol, HOMA-IR and MA (online supplementary 
figure 1), supporting the potential of SAF for monitoring 
the early development of diseases related to derange-
ments in glucose homeostasis.

Combined three-criteria (3-c) strategy
To explore whether 3-c (FPG, 2hPG and HbA1c) iden-
tifies subjects with different pathogenic mechanisms, 
we divided the population into four groups (NGT, PRE, 
newly diagnosed and untreated T2D, and mGA) based 
on the ADA guidelines, as explained in the ‘Research 
design and methods’ section. Thus, we classified 126 
subjects with NGT, 377 with mGA, 24 with PRE and 4 
subjects with diabetes (who were excluded from major 
analyses due to the low representative number). Subjects 
fulfilling the three diagnostic criteria for pre-diabetes 
had a significantly higher HOMA index, worse insulin 
secretion, reduced high-density lipoprotein, increased 
BMI, increased 1hPG, increased SAF, and increased CV 
risk compared with NGT (table 3). Subjects classified as 
NGT with 3-c had the most favorable cardiometabolic 
parameters.

1hPG and SAF identify dysglycemia in 3-c
We performed logistic regression models to evaluate the 
association between 1hPG, SAF and diagnostic groups 
(3-c) adjusted for age, sex and BMI. ROC curves and ORs 
are shown in figure  1A,B. 1hPG and SAF were signifi-
cantly associated with an increased prevalence of mGA 
and PRE, if compared with NGT (mGA: 1hPG OR 1.02, 
p<0.0001 and SAF OR 2.23, p<0.01; PRE: 1hPG OR 1.07, 
p<0.0001 and SAF OR 11.57, p<0.01). We also calculated 
the optimal cut-off value and determined the accuracy 
of 1hPG, identifying values ≥157 mg/dL as discrimina-
tive between mGA and NGT (AUC=0.71, p<0.0001); 
for SAF, the cut-off was ≥2.1 intrinsic fluorescence units 

Table 1  Prevalence of IFG, IGT and T2D newly diagnosed 
by ADA recommendations

NGT IGT T2D

2hPG 397 (75%) 98 (18%) 34 (6%)

FPG 437 (82%) 88 (17%) 6 (1%)

HbA1c 150 (28%) 324 (61%) 57 (11%)

HbA1c was able to detect IGT and newly diagnosed T2D with a 
major percentage than 2hPG and FPG. Conversely, 2hPG and 
FPG were able to identify more subjects with normoglycemia than 
HbA1c.
ADA, American Diabetes Association; FPG, fasting plasma 
glucose; HbA1c, glycosylated hemoglobin; 2hPG, 2-hour plasma 
glucose; IFG, impaired fasting glucose; IGT, impaired glucose 
tolerance; NGT, normoglycemia; T2D, type 2 diabetes.

Table 2  Cohen’s weighted k agreement among FPG, 2hPG 
and HbA1c

Weighted kappa Symmetry

FPG vs 2hPG 0.35 (0.27–0.44) <0.0001

FPG vs HbA1c 0.11 (0.08–0.15) <0.0001

2hPG vs HbA1c 0.17 (0.12–0.23) <0.0001

FPG, fasting plasma glucose; HbA1c, glycosylated hemoglobin; 
2hPG, 2-hour plasma glucose.
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for detecting mGA versus NGT (AUC=0.63, p=0.0002) 
(table 4).

1hPG as common predictor for both 3-c and 2hPG criteria
Using the 2hPG-only criteria, the stepwise forward regres-
sion model identified 1hPG as the best predictor (T2D 
vs IGT: OR 1.05 (1.03–1.07), p<0.0001, AUC=0.87; T2D 
vs NGT: OR 1.09 (1.06–1.13), p<0.0001, AUC=0.98). 
However, for IGT versus NGT, diastolic blood pressure 
(OR 1.06 (1.03–1.09), p=0.0002) and 1hPG (OR 1.04 
(1.03–1.05), p<0.0001) were identified as the two most 
influential variables, with a global AUC of 0.86 (online 
supplementary figure 3A‒C). We also calculated the 
optimal cut-off values and determined the accuracy of 
1hPG in identifying diagnostic groups based on 2hPG 
criterion only. We identified a cut-off of 1hPG ≥154 mg/
dL for detecting pre-diabetes versus NGT (AUC=0.84, 
p<0.0001) and 1hPG ≥224 mg/dL for detecting T2D 
versus pre-diabetes (AUC=0.86, p<0.0001; online supple-
mentary table S4). After adjusting for age, sex and BMI, 
the cut-off values did not differ from those of the unad-
justed model (data not shown).

DISCUSSION
In this work, we proposed a method (3-c) consisting of 
the concomitant use of the three canonical metrics useful 
for detecting hyperglycemia (FPG, 2hPG and HbA1c) 
on the identification of pre-diabetes in the DIAPASON 
study. Our data demonstrated that the 3-c method could 
outperform a single glycemic parameter used alone. 

This method takes place from our observations about 
glycemic definitions (based on only one or two param-
eters), outlining a considerably different prevalence of 
individuals at risk of developing pre-diabetes or T2D 
(tables 1 and 2).

For the first time, we reported that when we adopted 
the 3-c method, the differences in the pre-diabetic pheno-
type were more evident than when single definitions were 
used alone. Using this novel approach, we identified a 
phenotype of individuals with normoglycemia having a 
more realistic normal cardiometabolic trait, character-
ized by lower levels of IR and triacylglycerol, compared 
with those identified using the other glycemic definitions 
(online supplementary tables S1‒S3). Also, 1hPG and 
SAF measurements exhibited reduced levels in NGT as 
defined by 3-c compared with those in 2hPG only.

Additionally, we found a relevant prevalence of individ-
uals in the intermediate status defined as mGA—between 
normoglycemic and pre-diabetic—having a different 
cardiometabolic trait than individuals with pre-diabetes 
and normoglycemia (table 3). Subjects with mGA would 
have been classified erroneously if they had been identi-
fied by 2hPG criterion, only leading to misclassification 
of some individuals, rather than by the strict classifi-
cation performed with 3-c. We identified for the first 
time a cut-off threshold for SAF of ≥2.1 (mGA vs NGT) 
(table 4) and a cut-off threshold for 1hPG of ≥157 mg/dL 
for discriminating mGA from NGT, which do not differ 
from that observed using 2hPG definition only (1hPG 
≥154 mg/dL for pre-diabetes vs normoglycemia; online 

Figure 1  Multivariable logistic models for (A) miscellaneous glucose abnormalities versus normoglycemia and (B) impaired 
glucose tolerance (pre-diabetes) versus normoglycemia. *p-value borderline significant. AUC, area under the curve; BMI, 
body mass index; F, female; 1hPG, 1-hour postload glucose; M, male; mGA, miscellaneous glucose abnormalities; NGT, 
normoglycemia; PRE, pre-diabetes; SIF, skin intrinsic fluorescence.

 on A
pril 19, 2024 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2020-001331 on 13 S

eptem
ber 2020. D

ow
nloaded from

 

https://dx.doi.org/10.1136/bmjdrc-2020-001331
https://dx.doi.org/10.1136/bmjdrc-2020-001331
https://dx.doi.org/10.1136/bmjdrc-2020-001331
https://dx.doi.org/10.1136/bmjdrc-2020-001331
https://dx.doi.org/10.1136/bmjdrc-2020-001331
https://dx.doi.org/10.1136/bmjdrc-2020-001331
http://drc.bmj.com/


6 BMJ Open Diab Res Care 2020;8:e001331. doi:10.1136/bmjdrc-2020-001331

Epidemiology/Health services research

supplementary table S4) and from the Botnia Study value 
of ≥155 mg/dL.11

Moreover, the multivariable logistic model applied to 
3-c metric demonstrated that 1hPG coupled with SAF 
and adjusted for confounders such as age, sex and BMI 
showed a significant association for both pre-diabetes 
(AUC=0.97) and mGA (AUC=0.75) versus NGT.

Recently, SAF has been shown to be significantly asso-
ciated with AGE plasmatic concentration in subjects with 
pre-diabetes,26 and it has been proposed as a non-invasive 
tool for estimating the risk of cardiovascular impairment 
in individuals with diabetes. A previous study on diabetes 
complications showed that SAF, measured as intrinsic 
fluorescence in human skin, can estimate the deposi-
tion of AGE27 and major adverse cardiovascular events, 
and might be used to predict cardiorenal outcomes in 
subjects with type 1 diabetes (T1D).28 29 Additionally, high 
levels of circulating AGEs predict a 4-year risk of incident 
T2D, cardiovascular events and mortality in the general 
population. Furthermore, elevated SAF values have been 
associated with diastolic dysfunction, increased ventric-
ular stiffness, increased excretion of transforming growth 
factor (TGF)-beta for deposition in the extracellular 
matrix,30 and early-stage atherosclerosis in individuals 
with T1D.31

Given the recent findings32–34 regarding the higher 
cardiometabolic risk burden associated with 1hPG, and 
the recent literature about SAF, they might be used for 
preventing future clinical adverse outcomes.

Strengths and limitations
Some strengths and limitations should be considered in 
the present study. A strength is that we conducted stan-
dardized biochemical measurement evaluations of blood 
samples which were analyzed in a certified laboratory. 
Further, all participants completed the examinations, 
and the percentage of missing values was relatively small. 
However, some limitations exist. In this observational 
cohort study, further analyses will be required to evaluate 
the risk of development of pre-diabetes or diabetes and 
its associated cardiovascular complications. Nevertheless, 
some risk factors for high SAF values were not taken into 
account, such as rheumatic disease and depression.

CONCLUSION
The model of SAF and 1hPG represented by this study 
acts as a good predictor of people at risk. Our results 
provide evidence for planning monitoring and preven-
tion programs based on SAF, simply by scanning AGE 
level on the skin, and 1hPG, which is more suitable in 
clinical settings than 2hPG. Using 1hPG and SAF might 
predict and identify a high number of people at risk and 
might be the first step toward identifying general popu-
lations at risk using more extensive screening programs. 
Specifically, the association values of 1hPG and SAF 
might be effective in screening individuals in the early 
stage of pre-diabetes.Ta
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