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ABSTRACT

We investigated the association between
postchallenge glucose increment and hemoglobin
glycation index (HGI), the difference between
observed and predicted glycated hemoglobin
(HbA1c), in subjects with no history of diabetes. We
enrolled 1381 subjects who attended our outpatient
clinic for an oral glucose tolerance test (OGTT) to
screen for diabetes. HGI was defined as observed
HbA1c minus predicted HbA1c. The predicted HbA1c
was calculated by entering fasting plasma glucose
(FPG) level into an equation [HbA1c(%)=FPG(mg/
dL)*0.029+2.9686] determined from an HbA1c
versus FPG regression analysis using data from an
independent cohort of 2734 subjects with no history
of diabetes. The association between 2-hour glucose
increment and HGI was analyzed using linear
regression analyses with adjustment of relevant
parameters. Overall, the proportions of subjects

with normal glucose tolerance, pre-diabetes, and
newly diagnosed diabetes were 42.3%, 41.3%, and
16.4%, respectively. Compared with subjects who
had an HGI<O0, subjects with an HGI>0 had a lower
FPG (95.0+13.3 vs 98.5+15.3mg/dL, p<0.001)

but a higher 2-hour plasma glucose (151.1+£52.8

vs 144.6+51.4mg/dL, p=0.027) and 2-hour
glucose increment (56.1+46.1 vs 46.1+45.0 mg/
dL, p<0.001). The 2-hour glucose increment after
an OGTT was independently associated with HGI (8
coefficient 0.003, 95% Cl 0.002 to 0.003, p<0.001).
Our findings suggested that postchallenge glucose
increment was independently associated with HGI in
subjects with no history of diabetes.

INTRODUCTION

Glycated hemoglobin (HbA1c) has been widely
used for the assessment of glycemic control in
people with diabetes and for the diagnosis of
abnormal glucose regulation (diabetes or pre-
diabetes) in people with no history of diabetes.' >
Nevertheless, the correlation between HbAlc
and blood glucose levels is only modest.® *
Therefore, in assessments of glycemic control’
and diagnosis of abnormal glucose regula-
tion,*™® it is not unusual to find a considerable
discordance between HbA1c and blood glucose
levels. Such discordances may complicate data
interpretation,” and it is clinically relevant to
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What is already known about this subject?

» Itis not unusual to find a considerable
discordance between glycated hemoglobin
(HbA1c) and blood glucose levels.

» The hemoglobin glycation index (HGI,
defined as the observed HbA1c minus
predicted HbA1c based on glucose levels)
has been proposed to quantify those
differences (variations).

» The mechanisms that lead to an HGI are
not yet clear.

What are the new findings?

» Compared with subjects who had an
HGI<0, subjects with an HGI>0 had a
lower fasting plasma glucose but a higher
2-hour plasma glucose and 2-hour glucose
increment.

» The findings were observed in those who
had abnormal glucose regulation (diabetes
or pre-diabetes) determined by an oral
glucose tolerance test (OGTT).

» The 2-hour glucose increment was
independently associated with HGI.

How might these results change the focus

of research or clinical practice?

» For subjects at risk for diabetes who have a
high HGI (eg, a higher HbA1c in relation to
fasting glucose), an OGTT is recommended
as they are likely to have postchallenge
hyperglycemia.

» For patients with diabetes with a high HGI
(eg, a high HbA1c with a relatively low
fasting glucose), monitoring of postprandial
glucose is recommended as they are likely
to have postprandial hyperglycemia.

» HGI may be useful for individualized
glycemic therapy in patients with diabetes.

understand factors that may alter the associa-
tion between HbA1c and glucose levels.
HbA1c values are influenced by both glycemic
and non-glycemic factors.!® There are consid-
erable between-individual differences (varia-
tions) in the relationship of HbAlc to glucose
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levels.* ! The hemoglobin glycation index (HGI) has been
proposed to quantify those differences (variations).'**
HGI is defined as the observed HbAlc minus predicted
HbA1c based on glucose levels. The predicted HbAlc can
be derived by using a linear regression between HbAlc
and blood glucose levels."'™"* Hence, subjects with a high
HGI have an HbA1c level higher than that estimated from
their blood glucose levels. As HGI has been associated with
cardiovascular diseases"® and mortality,'® it is important to
clarify factors that may be associated with HGI.

Although the mechanisms that lead to between-individual
variations in the relationship of HbAlc to glucose levels
are not yet clear,” 7 postprandial hyperglycemia has been
suggested to be associated with increased glycation gap/
HGL." However, there are few data showing an association
between postprandial hyperglycemia and glycation gap/
HGI."® We hypothesized that HGI was associated with post-
prandial glucose increment (postprandial hyperglycemia).
In this study, we investigated the association between post-
challenge glucose increment and HGI in subjects with no
history of diabetes who underwent an oral glucose toler-
ance test (OGTT) by using fasting glucose levels to deter-
mine the predicted HbA1lc levels and HGL "™ "

MATERIALS AND METHODS

We enrolled subjects with no history of diabetes who
attended our outpatient clinic for an OGTT to screen for
diabetes between 2011 and 2019. We excluded subjects
from the analysis if they had blood transfusion within 3
months or anemia, defined as a hemoglobin level less than
100 g/L.

All subjects underwent a 75 g OGTT.? Briefly, subjects
fasted overnight and attended our outpatient clinic in the
morning. A trained nurse interviewed the subjects and
measured their height, weight, waist circumference, and
blood pressure. For the measurements of plasma glucose,
insulin, HbAlc, and lipids profiles, we collected a fasting
blood sample before the OGTT. We then conducted a 75
g OGTT? for study subjects, and collected a blood sample
after 2 hours to determine the postchallenge plasma glucose
levels.

We measured HbAlc by using boronate-affinity high-
performance liquid chromatography with an interassay and
intra-assay coefficient of variation of <2.9%and <0.9%,
respectively. We determined plasma glucose by using the
glucose oxidase-peroxidase method. The interassay and
intra-assay coefficients of variation were both <1.5%. We
measured plasma insulin by using an electrochemilumines-
cence immunoassay with an interassay and intra-assay coef-
ficient of variation of 2.5% and 1.8%, respectively.

We divided the study population into 2 groups according
to their HGI (the observed HbAlc minus predicted
HbA1c). We developed an equation to estimate HbAlc by
fasting plasma glucose (FPG) in the study population.” *’
The equation was derived using data from an independent
cohort (developmental database) of 2734 subjects with no
history of diabetes who had visited our hospital for a health
check-up (mean age 47.4%=11.2 years, male 66.4%, mean
body mass index 24.4+3.6 kg/m?, mean FPG 91.7+17.7 mg/
dL, mean HbAlc 5.6%+0.6%). We excluded subjects from
the developmental database if they had blood transfusion

15.0-
125
X
I
<
Qo
I
754
507 r=0.803, p<0.001
0 100 200 300 400 500
FPG, mg/dl
Figure 1 The association of FPG and HbA1c in 2734 subjects

with no history of diabetes (developmental database). FPG, fasting
plasma glucose; HbA1c, glycated hemoglobin.

within 3 months or anemia, defined as a hemoglobin level
less than 100 g/L. An equation [HbA1c(%)=FPG(mg/
dL)*0.029+2.9686] was determined based on the correla-
tion between HbAlc and FPG in the developmental data-
base (figure 1).

We determined glucose regulation status of our study
subjects according to OGTT, as recommended by the Amer-
ican Diabetes Association.”’ We assessed insulin resistance
and B-cell function using the homeostasis model assessment
(HOMA-IR and HOMA-B, respectively).”? To investigate
the association between postchallenge hyperglycemia and
HGI, 2-hour glucose increment (2-hour plasma glucose—
FPG) was calculated using OGTT results.

The Statistical Package for the Social Sciences (IBM SPSS
V.22.0; International Business Machines, New York, USA)
was used to perform the statistical analyses. Categorical and
continuous data are expressed as numbers (percentages)
and mean=SD, respectively. Kolmogorov-Smirnov test
was applied to determine whether a variable was normally
distributed. To examine statistical differences in continuous
variables between groups, the Student’s t-test was used. For
categorical variables, the x* test was used. To examine the
association between 2-hour glucose increment and HGI,
linear regression analyses were used with adjustment of
relevant parameters. Bonferroni correction was applied
for multiple comparisons. Data that were not normally
distributed were logarithmically transformed before anal-
ysis. Statistical significance was considered for a two-sided
p value <0.05.

RESULTS

A total of 1381 outpatients (mean age 60.5+11.6 years,
male 82.3%, mean body mass index 26.1%3.6kg/m?)
underwent an OGTT. Using the equation [HbA1¢(%)=FP-
G(mg/dL)*0.029+42.9686] derived from the developmental
database (figure 1) to predict HbAlc and calculate HGI,
we divided the study population into 2 groups (HGI<O0 vs
HGI>0, table 1). Subjects with an HGI>0 had a lower FPG
(95.0£13.3 vs 98.5+15.3 mg/dL, p<0.001) and a lower
predicted HbAlc (5.7%=0.4%vs 5.8%=+0.4%, p<0.001),
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Table 1 Characteristics of study subjects according to HGI

Variables HGI<0 HGI>0 P value
n 495 886
Fasting plasma glucose (mg/dL) 98.5+153  95.0+13.3  <0.001
Predicted HbA1c (%) 5.8+0.4 5.7£0.4 <0.001
Observed HbA1c (%) 5.5+0.5 6.1+0.5 <0.001
HGI (%) -0.3+0.3 0.4+0.4 <0.001
Age (y) 59.8+11.7 60.9+11.5 0.108
Male, n (%) 413 (83.4) 723 (81.6) 0.393
Body mass index (kg/mz) 25.8+3.5 26.3+3.6 0.013
Waist circumference (cm) 90.2+9.2 91.1+8.7 0.056
Current smoker, n (%) 72 (14.5) 161 (18.2) 0.084
Systolic blood pressure (mm Hg) 126£17 128+18 0.107
Diastolic blood pressure (mm Hg) 74+10 7411 0.733
Hemoglobin (g/L) 139+15 139+15 0.695
Total cholesterol (mg/dL) 180+39 186+40 0.011
LDL cholesterol (mg/dL) 117+61 118453 0.638
HDL cholesterol (mg/dL) 46.9+12.7  46.0+12.3 0.247
Triglycerides (mg/dL) 142+97 156+114 0.035
OGTT results, n (%) <0.001

Normal glucose tolerance 211 (42.6) 373 (42.1)

Isolated IFG 59 (11.9) 39 (4.4)

Combined IFG and IGT 45 (9.1) 94 (10.6)

Isolated IGT 105 (21.2) 228 (25.7)

Newly diagnosed diabetes 75 (15.2) 152 (17.2)

Values are mean=+SD or n (%).

HbA1c¢, glycated hemoglobin; HDL, high-density lipoprotein; HGI, hemoglobin
glycation index; IFG, impaired fasting glucose; IGT, impaired glucose
tolerance; LDL, low-density lipoprotein; OGTT, oral glucose tolerance test.

but a higher observed HbA1c (6.1%+0.5%vs 5.5%=0.5%,
p<0.001), compared with those who had an HGI=<0. Body
mass index (26.3%3.6 vs 25.8+3.5 kg/m* p=0.013), total
cholesterol (186+40 vs 180%=39mg/dL, p=0.011), and

triglycerides (156114 vs 142+97 mg/dL, p=0.035) were
higher in subjects with an HGI>O0 (table 1). No significant
difference was observed with regard to the other parame-
ters between the 2 groups.

Overall, the proportions of subjects with normal glucose
tolerance, pre-diabetes, and newly diagnosed diabetes were
42.3%, 41.3%, and 16.4%, respectively. The corresponding
values in subjects with an HGI<0 were 42.6%, 42.2%,
and 15.2%. In subjects with an HGI>0, these values were
42.1%, 40.7%, and 17.2%. Nevertheless, we observed a
lower rate of isolated impaired fasting glucose (4.4% vs
11.9%) and a higher rate of isolated impaired glucose toler-
ance (25.7% vs 21.2%) in subjects with an HGI>O0 (table 1).

Table 2 shows fasting and 2-hour plasma glucose, 2-hour
glucose increment, HOMA-IR, and HOMA-B according
to HGI. Compared with subjects who had an HGI<O0,
subjects with an HGI>0 had a lower FPG but a higher
2-hour plasma glucose and 2-hour glucose increment. The
aforementioned findings were observed in those who had
abnormal glucose regulation (diabetes or pre-diabetes) by
OGTT, but not in those who had normal glucose tolerance.
We did not observe significant differences in insulin resis-
tance (HOMA-IR) and B-cell function (HOMA-B) between
the 2 groups.

Table 3 shows the association between 2-hour glucose
increment and HGI. Using linear regression analysis, we
demonstrated that 2-hour glucose increment after an
OGTT was positively associated with HGI (B coefficient
0.002, 95% CI 0.002 to 0.003, p<0.001). The association
remained significant (B coefficient 0.003, 95% CI 0.002
to 0.003, p<0.001) after adjustment for some parameters,
such as age and sex (table 3).

DISCUSSION
In this study, we demonstrated that subjects with no history
of diabetes who had an HGI>0 had a higher 2-hour

Table 2 Results of OGTT, HOMA-IR, and HOMA-f according to HGI

Variables HGI<0 HGI>0 P value
All (n=1381)
Fasting plasma glucose (mg/dL) 98.5+15.3 95.0+13.3 <0.001
2 h plasma glucose (mg/dL) 144.6+51.4 151.1+52.8 0.027
2 h glucose increment (mg/dL) 46.1+45.0 56.1+46.1 <0.001
HOMA-IR 2.7+2.5 2.5+2.0 0.127
HOMA-B 117+82 126+87 0.057
Normal glucose tolerance by OGTT (n=584)
Fasting plasma glucose (mg/dL) 90.6+5.7 87.8+6.0 <0.001
2 h plasma glucose (mg/dL) 107.7+20.0 108.0+21.5 0.891
2 h glucose increment (mg/dL) 17.1+£20.7 20.2+21.6 0.096
HOMA-IR 2.1+1.4 1.9+1.3 0.205
HOMA-B 125+83 134+88 0.212
Diabetes or pre-diabetes by OGTT (n=797)
Fasting plasma glucose (mg/dL) 104.3+17.4 100.2+14.7 <0.001
2 h plasma glucose (mg/dL) 172.0+£50.4 182.4+46.3 0.003
2 h glucose increment (mg/dL) 67.7+46.1 82.2+413 <0.001
HOMA-IR 3.2+2.9 2.9+2.3 0.181
HOMA-B 11181 120+86 0.140

Values are mean=SD.

HGI, hemoglobin glycation index; HOMA, homeostasis model assessment; IR, insulin resistance; OGTT, oral glucose tolerance test.
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Table 3 Linear regression analysis with HGI as the dependent
variable

Independent variable B coefficient 95% CI P value

2 h glucose increment (mg/dL)

Model 1 0.002 0.002 to 0.003 <0.001
Model 2 0.002 0.002 to 0.003 <0.001
Model 3 0.002 0.001 to 0.003 <0.001
Model 4 0.003 0.002 to 0.003 <0.001

Model 1, unadjusted. Model 2, adjusted for age and sex. Model 3, adjusted
for variables in model 2 plus body mass index and waist circumference.
Model 4, adjusted for variables in model 3 plus smoking, total cholesterol,
HOMA-IR, and HOMA-.

HGI, hemoglobin glycation index; HOMA, homeostasis model assessment; IR,
insulin resistance.

plasma glucose and 2-hour glucose increment after OGTT,
compared with those who had an HGI=<0 (table 2). The
findings were mainly observed in subjects with diabetes
or pre-diabetes defined by an OGTT (table 2). Moreover,
2-hour glucose increment was independently associated
with HGI (table 3). Our findings suggest that postchal-
lenge glucose increment may contribute, at least partly, to a
higher than predicted HbAlc (HGI>0) in subjects with no
history of diabetes.

The mechanisms involved in the ‘glycation gap’ (HGI)
are not yet clear. It has been reported that there were ethnic
differences in the relationship between glucose concen-
trations and HbAlc levels.”>® For a given blood glucose
level in patients with type 2 diabetes,?® non-Caucasians had
a higher HbAlc level (ie, a high HGI) than Caucasians.
Similar findings related to racial differences in the glycation
gap were reported in patients with type 1 diabetes® and
impaired glucose tolerance.” However, race only partially
explains the observed glycation gaps.>* In our study, we
investigated the association between 2-hour glucose incre-
ment and HGI in a Chinese population with no history of
diabetes. Our findings suggest that 2-hour glucose increment
after OGTT was independently associated with HGI. In a
previous study conducted in Europeans with no diabetes,*
there was no significant difference in 2-hour glucose levels
among HGI tertiles. Similar finding was noted in Americans
at risk for diabetes.”” In contrast, there was a higher 2-hour
glucose level and a greater 2-hour glucose increment in the
highest HGI tertile in an Asian population with pre-diabetes
or diabetes."® Hence, ethnicity may have some effects on
HGI which may help explain our results and previous find-
ings. 182627

It is reasonable to speculate that postchallenge hyper-
glycemia may be associated with a higher than predicted
HbAlc. Treatment guidelines suggest treating postpran-
dial glucose excursions in patients with diabetes with an
HbAlc above target despite having FPG at target.”® More-
over, treatment targeting fasting or postprandial glucose
may have different effects on HGL. In a randomized trial®
which compared the effects of treating prandial versus
fasting glycemia on cardiovascular outcomes in patients
with type 2 diabetes, patients treated with basal insulin had
a lower fasting glucose than those treated with prandial
insulin (7.0+0.2 vs 8.1x0.2 mmol/L, p<0.001). However,
there was no significant difference in HbAlc between the 2

groups (7.8%=0.1% vs 7.7%=0.1%, p=0.4).”” Thus, the
patients would have a lower estimated HbA1lc and a higher
HGI after treatment with basal insulin, compared with
treatment with prandial insulin. Similar findings could be
observed in the Treating to Target in Type 2 Diabetes trial.*
In a recent study’! using data from flash glucose monitoring
in a Chinese population of patients with type 2 diabetes,
the authors reported differences in glycation gap (estimated
HbA1c vs measured HbA1c) in subjects with different mean
glucose levels. Their findings suggest that different glucose
levels may have some effects on glycation gap. It might be
possible that glucose regulation status may influence HGI.
People with normal glucose regulation may have much
smaller difference in glycation gap, or a low glucose peak
might be less likely to trigger glycation in vivo. Our results
and the aforementioned observations suggest an association
between postchallenge glucose increment and HGI.

In addition to ethnicity and postchallenge glucose
excursions, several factors were shown to be related to
HGL"Y 71832 Eor example, Dunmore et al** demonstrated
that variations in the level of intracellular deglycating
enzyme fructosamine-3-kinase were associated with the
glycation gap in human subjects. Liu et al** reported an
independent association between inflammatory markers and
HGI in a population with no history of diabetes. As post-
prandial hyperglycemia has been associated with peripheral
inflammation gene expression,® this may help explain our
finding that 2-hour glucose increment was associated with
HGI. Genetic factors®* *® and differences in mean red cell
age®® ¥ had also been suggested to account for the glyca-
tion gap. These non-glycemic factors related to HGI may
help explain the only modest (though significant) correla-
tion between 2-hour glucose increment and HGI in our
subjects (table 3). Furthermore, HGI was found to be asso-
ciated with chronic diabetes complications,*® cardiovascular
disease, 3 and mortality.’® ** Although the mechanisms
underlying the relationships between the aforementioned
factors and glycation gap/HGI have yet to be fully eluci-
dated, our findings may have important implications for
clinical practice with respect to screening for diabetes and
treatment for patients with diabetes. For subjects at risk for
diabetes who have a high HGI (eg, a higher HbAlc¢ in rela-
tion to fasting glucose), an OGTT is recommended as they
are likely to have postchallenge hyperglycemia. For patients
with diabetes with a high HGI (eg, a high HbAlc with a
relatively low fasting glucose), monitoring of postprandial
glucose is recommended as they are likely to have postpran-
dial hyperglycemia. We suggest HGI may be useful for indi-
vidualized glycemic therapy in patients with diabetes.'” *!

There are several limitations in this study. First, this study
was conducted in a Chinese population. The association
between postchallenge glucose increment and HGI needs
to be investigated in other ethnicities. Second, this study
investigated subjects at risk for diabetes and thus our find-
ings were not confounded by glucose-lowering therapies.
Nevertheless, whether our findings could be generalized
to subjects with known diabetes or the general population
merits further study. Third, postchallenge hyperglycemia
was assessed using an OGTT in this study. Thus, the poor
reproducibility of OGTT might confound our results.*?
Last, non-glycemic factors which may impact hemoglobin
glycation® were not addressed in our study. With these

4

Wang J-S, et al. J Investig Med 2021;0:1-6. doi:10.1136/jim-2020-001646

yBuAdos Aq pajoalold 1sanb Aq 120z ‘€ |udy UO /:3]i) WOy papeojumoq "TZ0Z Arenigad T Uo 99T00-0202-WI/9ETT 0T Se paysiqnd isiy :pay Bisaaul ¢



Original research

limitations in mind, the novel association between postch-
allenge glucose increment and HGI in this study may help
identify subjects with postchallenge glucose excursions in
daily practice.

In conclusion, we demonstrated that postchallenge
glucose increment was independently associated with HGI
in subjects with no history of diabetes. Our findings need to
be confirmed in other populations.
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