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Introduction  

Impaired fasting glucose, which is defined as fasting plasma glu-
cose between 100 and 125mg/dL, is a type of  pre-diabetes and an 

intermediate state in the transition of  dysregulation of  the home-
ostasis of  plasma glucose between normal subjects and individu-
als with Type 2 diabetes mellitus [1, 2]. Impaired fasting glucose, 
which was recognized as an early sign of  impairment of  plasma 
glucose homeostasis, is brought about the simultaneous interac-
tion of  insulin resistance and β-cell dysfunction at the same time. 
The impaired fasting glucose is not only bearing high-risk odds 
for developing into further worsening condition of  disturbance 
of  maintaining glucose homeostasis - Type 2 diabetes mellitus, 
but also for is associated with some complications initiated by 
elevated plasma glucose even has not yet reach the critical point 
to make the diagnosis of  Type 2 diabetes mellitus [3, 4]. Impaired 
fasting glucose is more endemic according to the epidemiological 
reports from United States of  America. Bullard et al. used a na-
tionally representative sample of  the civilian non-institutionalized 
U.S. population to estimate pre-diabetes prevalence. The reports 
revealed that among adults aged more than18 years old, the age-
adjusted prevalence of  impaired fasting glucose between 2007 
and 2010 was 27.5% [3-5].

When subjects with impaired fasting glucose performed the oral 
glucose tolerance test, Three different categories of  status of  
glucose tolerance were demonstrated: normal glucose tolerance, 
defined as plasma glucose less than140mg/dL in the second hour 
after seventy five grams glucose intake; combined glucose intoler-
ance, which was defined as 2-h plasmaglucose between 140mg/
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dl and 199mg/dL after the same dose of  glucose loading; iso-
lated post-challenge hyperglycemia (IPH), defined as the second 
hour estimated plasma glucose result after glucose loading more 
than 200mg/dL [6, 7]. IPH is not only a provisional diagnosis of  
diabetes [8], but is an indicator associated with increasing cardio-
vascular risk and a worse prognosis among cardiovascular events 
compared with subjects with normal glucose homeostasis [9, 10]. 
The metabolic characteristics of  IPH and early diabetes are clini-
cally important for early intervention to delay or halt the develop-
ment of  diabetic complications. Moreover, the metabolic charac-
ters of  IPH might provide more information about the elusive 
pathogenesis which was responsible for developing from early 
dysregulation of  glucose homeostasis, recognized as pre-diabetes, 
to the diagnosis of  overt Type 2 diabetes mellitus. Current stud-
ies showed that a defect in early-phase glucose-stimulated insulin 
secretion was the crucial metabolic factor that was responsible for 
the development of  normal glucose tolerance into IPH but there 
was lack of  literature discussion about the change of  metabolic 
factors from pre-diabetes to IPH or IPH to overt Type 2 diabetes 
mellitus [11, 12].

We hypothesized that IPH is the earliest stage of  Type 2 diabetes 
and so it is important to understand the metabolic defects. How-
ever, whether metabolic factors contributed to the evolution from 
combined glucose intolerance to IPH or Type 2 diabetes mellitu-
sis not well established. The aim of  this study was to demonstrate 
the metabolic factors that were responsible for combined glucose 
intolerance developing into IPH or Type 2 diabetes in patients 
with impaired fasting glucose.

Materials and Methods

Procedure and Definition

One hundred consecutive subjects were recruited in this study. 
Six of  the 100 patients with impaired fasting glucose and that 
underwent an oral glucose tolerance test were excluded for having 
fasting plasma glucose < 100mg/dl, and 5 with fasting plasma 
glucose > 125mg/dL were also excluded. Our primary goal was 
to compare impaired fasting glucose subjects with those with im-
paired glucose tolerance, IPH and Type 2 diabetes mellitus, so we 
further excluded 11 patients with 2-h glucose < 140mg/dL during 
the oral glucose tolerance Test, and one subject with combined 
glucose intolerance but HbA1c more than 6.5% (Figure 1). The 
patients’ demographic and anthropometric characteristics were 
collected and body mass index was measured using weight in kilo-
grams divided by the square of  height in meters. After fasting for 
8 hours, a 75-gram oral glucose tolerance test was conducted and 
blood was drawn from the antecubital vein at 0, 30, 60, 90, and 
120 minutes after oral glucose loading. The plasma glucose and 
insulin were measured, and the subjects’ total cholesterol, triglyc-
eride, high density lipoprotein-cholesterol, and serum creatinine 
were also measured in our laboratory.

Normal glucose tolerance, impaired fasting glucose, and impaired 
glucose tolerance were defined in accordance with American 
Diabetes Association 2012 diagnostic criteria [13]. Concomitant 
impaired fasting glucose and impaired glucose tolerance was de-
fined as combined glucose intolerance, and the definition of  IPH 
was fasting plasma glucose 100-125mg/dl, and 2-h glucose of  ≧ 
200mg/dl after 75-gram oral glucose loading [6]. We further sub-

grouped IPH by the hemoglobin HbA1c levels: IPH- was defined 
as IPH with HbA1c < 6.5%, and IPH+ was defined as IPH with 
HbA1c ≧ 6.5%. The exclusion criteria were fasting plasma glu-
cose < 100mg/dl or ≧ 126mg/dl and normal glucose tolerance 
after 75-gram glucose loading; therefore, all subjects in our study 
had impaired fasting glucose at examination.

Measurement

Plasma glucose was measured using the glucose oxidation meth-
od (YSI 2300 glucose and L-lactate analyzer, YSI, Ohio, U.S.A.), 
and plasma insulin was measured using chemiluminescent micro-
particle immunoassay. Hemoglobin HbA1c was measured with 
cation-exchange high performance liquid chromatography (HLC-
723G7, TOSOH, Tokyo, Japan). The lipid profile (total choles-
terol, triglyceride, and high dense lipoprotein-cholesterol) was 
measured enzymatically, and the kinetic alkaline picrate method 
was used to measure serum creatinine. The PI, lipid profile, and 
serum creatinine results were interpreted by an automatic analyzer 
(c16000, Abbott, Illinois, U.S.A.).

We used the oral glucose tolerance test to evaluate β-cell function 
and insulin resistance. Areas under the glucose and insulin curves 
(glucose AUC and insulin AUC) during the oral glucose tolerance 
test were calculated by the trapezoid rule. Early-phase insulin se-
cretion (insulinogenic index) was calculated as the ratio between 
the incremental plasma insulin and glucose concentrations during 
the first 30 min of  the oral glucose tolerance test (plasma insulin 
30min-fasting plasma insulin)/(plasma glucose 30min-fasting plasma 
glucose) [14]. Total insulin secretion was calculated as the ratio 
between the incremental insulin and glucose AUCs during the 
oral glucose tolerance test [ΔInsulinAUC/ΔGlucoseAUC][15]. The 
Matsuda index was calculated for insulin resistance as previously 
reported [16]. The deposition index was calculated by product of  
insulinogenic index and Matsuda index [17]. Homeostasis model 
assessment was used to estimate insulin resistance (HOMA-IR) 
and ß-cell function (HOMA-B) [18].

Statistical analysis

The 18th edition of  the SPSS software package was used for analy-
sis of  the results. The Kolmogorov-Smirnov test was used to de-
termine if  the parameters fit a normal distribution or not, and a 
p value <0.2 was considered as not fitting a normal distribution. 
After being expressed as mean ± standard deviation (SD), the 
continuous data that fit a normal distribution were compared with 
independent ANOVA tests, and the Mann-Whitney test was used 
for parameters that did not fit a normal distribution. The Pearson 
Chi-square test was used for comparisons of  categorical data that 
were presented as numbers and percentage. For all comparisons, 
p < 0.05 was considered to represent a significant difference be-
tween groups.

Results

Flow chart of  inclusion and baseline clinical characteristics

77 subjects were included for analysis and the number of  com-
bined glucose intolerance, IPH- and IPH+ was 27, 34, and 16 (Fig-
ure 1) (Table 1). The plasma glucose and insulin excursions during 
oral glucose tolerance test (Figure 2) and insulin resistance and 
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β-cell function results (Table 2) were calculated.
The difference between factors responsible to combined 
glucose intolerance and IPH-

The IPH- group was older, and had higher serum triglyceride and 
HbA1c levels than the subjects with combined glucose intoler-
ance. During the oral glucose tolerance test, the plasma glucose 
was higher in the IPH- group at 60, 90, and 120 minutes after 
glucose loading, but there was no significant difference in plasma 
insulin concentrations (Figure 2A and 2B). The IPH- group had 

higher glucose AUC (443.1 vs. 381.7mg/h/dl, P < 0.001) but 
lower insulinogenic index (9.53 vs.15.31 μU/mg, P=0.036) and 
deposition index (13.93 vs. 24.98, P=0.002) than the combined 
glucose intolerance group. The other parameters of  insulin sensi-
tivity and β-cell function were not significantly different between 
the 2 groups (Table 2).

The difference between factors responsible to combined 
glucose intolerance and IPH+

Figure 1. Flow chart of  subject selection.

100 Subjects with IFG and 
that received OGTT

89 Subjects with IFG during 
OGTT

78 IFG Subjects with 2-hour 
blood  glucose ≧ 140 during 

OGTT

2-hour blood  glucose 140-199 
during OGTT

2-hour blood  glucose ≧ 200   
during OGTT

HbA1c <  6.5% CGI 
(n=27) HbA1c ≧  6.5% (n=1)

HbA1c <  6.5% IPH- 
(n=34)

HbA1c ≧  6.5% IPH+ 

(n=16)

Excluded 11 NGT subjects

Excluded 11 subjects:
FPG < 100mg/dL (n=6)
FPG ≧ 126mg/dL (n=5)

Table 1. Comparison of  baseline and clinical characteristics of  IFG subjects with CGI, IPH-, and IPH+

CGI†

(n=27)
IPH-‡

(n=34)
IPH+§

(n=16)
P value

IPH- vs. CGI IPH+ vs. CGI IPH+ vs. IPH-

Female (%) 22 (81) 23 (67) 12 (75) 0.221 0.612 0.593
Age 57.8±7.5 63.1±5.9 59.7±6.4 <0.001 0.811 <0.001

Body mass index 25.4±6.1 25.7±2.6 24.6±3.0 0.448 0.452 0.031
Systolic blood pressure (mmHg) 128±13 128±13 134±27 0.96 0.790 0.809

Diastolic blood pressure (mmHg) 77±8 76±8 82±11 0.550 0.718 0.239
Total cholesterol (mg/dl) 214±49 191±34 230±54 0.052 0.384 0.007

Triglyceride (mg/dl) 109±59 164±78 219±92 0.138 0.025 0.418
HDL-C¶ (mg/dl) 48.9±6.7 49.3±10.3 51.6±11.0 0.886 0.455 0.583

Creatinine (mg/dl) 0.8±0.2 0.6±0.1 0.7±0.1 0.386 0.954 0.595
Hemoglobin A1C (%) 5.9±0.2 6.1±0.3 6.7±0.3 0.001 <0.001 <0.001

Fasting glucose (mg/dL) 108.4±6.9 111.9±6.8 111.8±7.2 0.102 0.371 0.731
2-hr glucose during OGTT@ 168.3±23.4 242.3±28.4 291±61.3 <0.001 <0.001 0.04

Fasting Insulin (μU/mL) 10.9±6.3 12.7±7.0 10.2±6.1 0.808 0.089 0.072
2-hr insulin during OGTT 121.5±94.7 165.6±95.3 97.3±94.0 0.282 0.025 0.011

Data are expressed as numbers and percentages in non-continuous variables; mean±SD in continuous variables
† Combined glucose intolerance 

‡ Isolated post-challenge hyperglycemia with HbA1C < 6.5%
§ Isolated post-challenge hyperglycemia with HbA1C ≧ 6.5%

¶ High-density lipoprotein cholesterol
@ Oral glucose tolerance test
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Figure 2. Plasma glucose (2A) and insulin (2B) concentrations during oral glucose tolerance test of  subjects with CGI, 
IPH-, and IPH+. The data was presented as mean ± standard error.*p < 0.05 compared with CGI, #p < 0.05 between IPH- 
and IPH+. CGI: Combined glucose intolerance; IPH- : Isolated post-challenge hyperglycemia with HbA1C < 6.5%; IPH+: 

Isolated post-challenge hyperglycemia with HbA1C ≧ 6.5%.
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Figure 2A. Plasma glucose levels during OGTT in IFG subjects

Figure 2B. Plasma insulin levels during OGTT in IFG subjects

Table 2. Comparison of  insulin secretion and insulin resistance in IFG subjects with CGI, IPH, and IPH+ during oral      
glucose tolerance test.

CGI†

(n=27)
IPH-‡

(n=34)
IPH+§

(n=16)
p value

IPH- vs. CGI IPH+ vs. CGI IPH+ vs. IPH-

HOMA-IR¶ 3.42±1.57 3.53±1.98 2.62±1.73 0.823 0.085 0.074
HOMA-β (%)@ 102.2±51.6 95.9±53.8 68.9±43.5 0.644 0.017 0.030

Insulinogenic index (μU/mg) 15.31±11.74 9.53±8.18 4.97±3.58 0.036 0.019 0.154
Glucose AUC& (mg. h-1. dL-1) 381.7±47.8 443.1±40.6 466.1±52.9 < 0.001 < 0.001 0.092
Insulin AUC (μU. h-1. mL-1) 236.9±144.7 225.6±139.8 154.4±135.5 0.956 0.030 0.014

ΔInsulinAUC/ΔGlucoseAUC (μU/mg) 13.54±8.63 9.39±5.9 5.80±5.05 0.057 <0.001 0.013
Matsuda index 2.53±1.33 2.39±1.60 3.28±1.64 0.561 0.063 0.154

Deposition index 24.98±12.81 13.93±5.40 16.52±5.07 0.002 0.001 0.060
Data are expressed as mean±SD
† Combined glucose intolerance 

‡ Isolated post-challenge hyperglycemia with HbA1C < 6.5%
§ Isolated post-challenge hyperglycemia with HbA1C ≧ 6.5%

¶ Homeostasis model assessment of  insulin resistance
@ Homeostasis model assessment of  β cell function

& Area under curve

CGI, n=27
PH+, n=34
PH-,  n=16
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In comparing the demographic and anthropometric data between 
the diabetes and combined glucose intolerance groups, only 
HbA1c showed a significant difference (6.7 vs. 5.9%, P < 0.001) 
(Table 1). The plasma glucose of  the IPH+ group was significantly 
higher at 60, 90, and 120 minutes and the PI in this group was 
significantly lower at 30, 60, 90 and 120 minutes during the oral 
glucose tolerance test (Figure 2A and 2B). The glucose AUC was 
significantly higher in the IPH+ group (466.1 vs. 381.7mg/h/dL, p 
< 0.001) (Table 2). HOMA- ß (68.9 vs. 102.2%, P=0.017), insulin 
AUC (154.4 vs. 236.9 μU. h-1. mL-1, P=0.030), insulinogenic index 
(4.97 vs. 15.31μU/mg, P=0.019), total insulin secretion (5.80 vs. 
13.54μU/mg, P < 0.001), and deposition index (16.52 vs. 24.98, 
P=0.001) were significantly lower in the IPH+ group. However, 
the Matsuda index and HOMA-IR were not significantly different 
between the 2 groups.

The differences between IPH+ and IPH-

Compared with the IPH- group, the IPH+ subjects were younger 
(59.7 vs. 63.1 years, p < 0.001), and had lower body mass index 
(24.6 vs. 25.7, P=0.031), higher cholesterol (234 vs. 190mg/dL, 
P=0.012), and higher HbA1c (6.7 vs. 6.1%, P < 0.001) (Table 1). 
Subjects with IPH+ had higher plasma glucose concentrations at 
90 and 120 minutes and lower PI concentrations at all time pro-
files after glucose loading (P < 0.05) (Figure 2A and 2B). The IPH+ 
group had lower mean HOMA- ß (68.9 vs. 95.9%, P=0.030), insu-
lin AUC (154.4 vs. 225.6 μU. h-1. mL-1, P=0.014), and total insulin 

secretion (5.80 vs. 9.39μU/mg, P=0.013) (Table 2). However, the 
Matsuda index, HOMA-IR, and deposition index were not signifi-
cantly different between the 2 groups.

Discussion

This study showed that a significant of  decline in the early phase 
of  insulin secretion without significant difference of  total in-
sulin secretion may be responsible for the development from 
combined glucose intolerance to IPH- (HbA1c < 6.5%), Since 
the dysfunction of  early phase insulin secretion had reached the 
plateau in status of  IPH, the significantly decreased total insulin 
secretion may be further responsible for the development from 
IPH to overt Type 2 diabetes (HbA1c ≥ 6.5%). IPH with HbA1c 
< 6.5% may be the earliest stage of  Type 2 diabetes, and is wor-
thy of  early detection and treatment in order to halt or delay the 
development of  diabetic complications. Therefore, we addressed 
a hypothetical model of  progression from combined glucose 
intolerance to IPH (Figure 3): Even lack of  the early response 
to glucose loading from pancreatic β cell, Insulin secretion may 
reach maximal capacity in subjects with IPH, and Type 2 diabetes 
mellitus is overtly presented when the capacity of  insulin secre-
tion is further decreased.

The progressive decline of  β-cell function and insulin sensitivity, 
which occurs before an abnormal plasma glucose concentration, 
was the most important mechanisms which were involved in dys-

Figure 3. Hypothetical model of  progression from CGI to IPH.

IPH with HbA1c < 6.5%

IPH with HbA1c ≧ 6.5%

CGI

↓Early insulin secretion

↓Early insulin secretion
↓Total insulin secretion

↓2-hr insulin level
↓Insulin AUC duing OGTT 

↓Total insulin secretion
↓2-hr insulin level

↓Insulin AUC duing OGTT 

The declining trend of  early-phase insulin secretion may be responsible for the development of  CGI into IPH-, but significantly de-
creased total insulin secretion may be responsible for the development of  overt diabetes. Insulin secretion may reach a maximal capacity 
in subjects with IPH-, and diabetes was overtly presented when the capacity of  insulin secretion was decreased. CGI: Combined glucose 
intolerance; IPH- : Isolated post-challenge hyperglycemia with HbA1C < 6.5%.

regulation of  glucose homeostasis. Moreover, the progressive hy-
perglycemia is a signal which revealed the status of  decompensa-
tion of  β-cell function [3]. The first ladder of  sign revealed β-cell 
dysfunction in the status of  glucose dysregulation is decreased 
first-phase insulin secretion caused by a decrease in the readily re-
leasable pool of  insulin secreting granule after loading of  glucose. 
After disappearing of  first phase reaction of  insulin secretion 
from β-cell after glucose lading, a progressive decline of  second-
phase insulin secretion, which was caused by a decrease in the re-
serve pool, might be detected [19]. Subjects with impaired fasting 
glucose are in an insulin-resistant state and manifest a decrease in 

first-phase insulin secretory response to intravenous glucose and 
early-phase insulin response to oral glucose [20-23]. Furthermore, 
Subjects with combined glucose intolerance manifest insulin re-
sistance in severe forms, and have severe defects in both early-and 
late-phase insulin responses to intravenous and oral glucose [20-
23]. It seems to be concluded both early phase and total insulin 
secretion decline was responsible for the process from impaired 
fasting glucose to combined glucose intolerance. However, the 
trend of  decline of  early phase insulin secretion was not reached 
the valley in the status of  combined glucose intolerance. In con-
trast, further decline of  early phase reaction of  insulin secretion 
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but not impairment of  total insulin secretion might be responsible 
for process from combined glucose tolerance to IPH according to 
results of  this study. The literature had suggested that progression 
from impaired glucose tolerance to IPH is due mostly to dete-
rioration of  insulin secretion and a lesser contribution by insulin 
resistance and the conclusion was consistent with the results of  
this study [24]. Simultaneous with the decrease of  calculated beta-
cell function, the total insulin secretion or insulin AUC during oral 
glucose tolerance test may achieve a maximal capacity in subjects 
with impaired glucose tolerance or combined glucose intolerance 
[14]. Our present study demonstrated that total insulin secretion 
is highest in subjects with combined glucose intolerance, and the 
2-hr insulin level during oral glucose tolerance test is the highest 
in IPH subjects with HbA1c < 6.5%. We suggested that insu-
lin secretion and compensation of  β-cell function may reach a 
maximal capacity in the status of  combined glucose intolerance or 
subjects with IPH but whose HbA1c were less than 6.5%. When 
further decline of  total insulin secretion, the Type 2 diabetes mel-
litus was overtly presented with the sign of  significantly elevated 
reports of  plasma glucose.

In the present study, we used serum HbA1c levels to separate 
subjects with IPH into IPH- (HbA1c < 6.5%) and IPH+ (HbA1c 
≥ 6.5%) groups. The difference between IPH- and IPH+ in our 
study definition was the HbA1c level, which meant that subjects 
with IPH- may have had only post-challenge hyperglycemia, and 
not sustained hyperglycemia. IPH can be diagnosed as Type 2 dia-
betes mellitus by repeated oral glucose tolerance test with 2 -hour 
plasma glucose more than 200mg/dl, even though fasting plasma 
glucose is less than 126mg/dl and HbA1c not more than 6.5% 
[13]. The progression of  loss of  first phase reaction of  β-cell is 
a major metabolic factor responsible for status of  IPH and de-
crease of  total insulin secretion was the one responsible for and 
overt Type 2 diabetes mellitus, which was also defined as IPH+ in 
this study. Even though this was a cross sectional study without 
considering the time profile, the differences of  metabolic factors 
between combines glucose tolerance, IPH-, and IPH+ was com-
pactible with the serial pathological functional loss of  β-cell and 
sustained hyperglycemia in group of  IPH+. Hence, we speculated 
that IPH with HbA1c less than 6.5% is the earliest stage of  Type 
2 diabetes without sustained hyperglycemia. And impairment of  
early-phase insulin secretion but not total insulin secretion was 
suggested to be responsible for progressing from normal glucose 
tolerance to IPH. Compared to the subjects with IPH+ (IPH and 
HbA1c ≥ 6.5%) in the present study, the subjects with IPH- in this 
study were significantly older, and had higher body mass index, 
but better β-cell function as presented by HOMA-β, the insuli-
nogenic index, total insulin secretion, and insulin AUC. We found 
that a declining trend in early-phase insulin secretion may be re-
sponsible for combined glucose intolerance developing into IPH- 
(HbA1c < 6.5%), but a significant decrease in total insulin secre-
tion may be responsible for the development of  IPH+ (HbA1c 
≥ 6.5%). We suggest that the major metabolic defect in subjects 
with IPH- is the decreased insulin response to the glucose load, 
which may be due to aging and increased body weight. However, 
subjects with IPH+ may have a further loss due to some metabolic 
defects or lifestyle patterns that lead to sustained hyperglycemia 
and hypercholesterolemia. To the best of  our knowledge, this is 
the first study to compare metabolic characteristics and insulin 
secretion between subjects with IPH and early diabetes.

Triglyceride was significantly higher in the IPH- group than in the 
combined glucose intolerance group, and a similar trend was found 

between the IPH- and IPH+ groups in this study. IPH caused mac-
rovascular damage through a unique mechanism in which glucose 
excursion and triglyceride played important roles, and resulted in 
increasing oxidative stress in endothelial cells and endothelial dys-
function [25]. Furthermore, pre-diabetes increased cardiovascular 
risk via metabolic syndrome and diabetes through formation of  
advanced glycation end products and reactive oxygen species, ac-
tivation of  protein kinase C, induction of  the polyol pathway, and 
over-expression of  growth factors and inflammatory cytokines 
[26-28]. Therefore, further treatment targets in subjects with IPH, 
and therapeutic goals should be investigated for the prevention of  
macrovascular complications.

There were some limitations to our study: First, the relatively 
small sample size might decrease the power of  the study. Second, 
the reproducibility of  oral glucose tolerance test for a pre-diabetes 
diagnosis was about 50%, so repeated oral glucose tolerance test 
might be needed to confirm the conclusions of  this study. And, 
this was a cross-sectional study, so longitudinal follow-up is need-
ed for confirmation of  the results. In conclusion, The factor re-
sponsible for combined glucose intolerance developing into IPH 
with HbA1c < 6.5% is decreased early-phase insulin secretion, 
but both early-phase decrease and total insulin secretion are re-
sponsible for the development of  combined glucose intolerance 
into IPH with HbA1c ≥ 6.5%. IPH with HbA1c < 6.5% may be 
the earliest stage of  Type 2 diabetes, and is worthy of  early detec-
tion and treatment in order to halt or delay the development of  
diabetic complications.

Conclusion

The factor responsible for combined glucose intolerance devel-
oping into IPH with HbA1c < 6.5% was decreased early-phase 
insulin secretion, but both decreased early and total insulin secre-
tion were responsible for the development of  combined glucose 
intolerance into IPH with HbA1c ≧ 6.5%.
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