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Abstract HbA1c and fasting plasma glucose (FPG)

levels are commonly recognized as diagnostic indices for

diabetes and glucose intolerance. However, they are not

sufficient for clear detection of glucose intolerance in the

early stage unless an oral glucose tolerance test (OGTT) is

performed. Moreover, even in case of an OGTT, 2-h

postprandial plasma glucose (PG) levels, a criterion for

glucose intolerance in OGTTs, may not provide complete

information regarding glucose tolerance. Whole glucose

excursion after OGTT is considered to represent glucose

tolerance well, and the glucose area under the curve (AUC)

can be an index of glucose excursion. However, few

studies have investigated measurement of the glucose AUC

in glucose intolerance screening. In the present study, data

from 520 OGTTs were analyzed to define the cutoff value

for the glucose AUC for glucose intolerance screening. Our

results showed that a cutoff value of 290 mg h/dl for the

glucose AUC was highly sensitive and specific (90 and

93 %, respectively) for detecting diabetes, impaired glu-

cose tolerance (IGT), and group at increased risk of dia-

betes (normal glucose tolerance with 1-h PG levels

of C180 mg/dl after glucose load) and showed a better

concordance rate than the use of HbA1c, FPG, or 2-h PG

levels. Moreover, the cutoff value for the glucose AUC

calculated using the diagnostic criteria in the OGTT

(305 mg h/dl) was consistent with the value determined

from OGTT analysis. These data suggest a possibility that

glucose intolerance screening using a glucose AUC cutoff

value of 290 mg h/dl could be useful.
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Introduction

It is important to manage blood glucose levels in patients

with diabetes to suppress the progression of diabetes mel-

litus (DM) and prevent complications [1]. Recent studies

conducted by the Diabetes Prevention Program [2] and

Japan Diabetes Prevention Program [3] have demonstrated

that interventions for patients with impaired glucose tol-

erance (IGT) are effective in suppressing DM progression;

therefore, detection of glucose intolerance at an early stage

is essential. However, neither fasting plasma glucose (FPG)

nor HbA1c levels, which are used as indices for DM and

glucose intolerance screening, have sufficient sensitivity

for detection during the early stage of glucose intolerance

because of a large overlap of these indices in normal glu-

cose tolerance (NGT) and IGT [4].

The oral glucose tolerance test (OGTT) is highly sen-

sitive and specific for detecting glucose intolerance be-

cause it can demonstrate postchallenge glucose excursion.

However, the 2-h plasma glucose (PG) levels, a criterion
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for glucose intolerance on the OGTT, may not provide

complete information regarding the processing of PG after

glucose loading. Whole glucose excursion, rather than PG

levels at a point, is considered to provide more information

about glucose tolerance. For instance, glycemic variability,

which is proposed to be harmful for blood vessels and

affect the development of complications, could be reflected

by whole glucose excursion. The glucose area under the

curve (AUC), which is an index of whole glucose excur-

sion after glucose loading, has been widely used for cal-

culating the glycemic index [5] and for evaluating the

efficacy of medications for postprandial hyperglycemia [6].

However, few studies have evaluated the application of the

glucose AUC to glucose tolerance testing and examined the

appropriate cutoff value for diagnosis [7]. Therefore, in the

present study, our aim was to evaluate the possible use-

fulness of glucose AUC measurements in identifying cases

of early stage diabetes. We analyzed the cutoff value and

screening concordance rates using glucose AUC values

calculated from our OGTT data.

Materials and methods

Anonymous OGTT data (N = 520) were obtained from the

Kyoto Industrial Health Association (Kyoto, Japan) and

IHI Harima Hospital (Aioi, Japan) and analyzed. Plasma

was used for measurement of blood glucose levels, while

whole blood was used for that of HbA1c. The measure-

ments were carried out in each institute using standard

laboratory methods.

Seventy-five-gram OGTT data were classified using the

diagnostic criteria of the Japan Diabetes Society (JDS) [8].

DM was defined as FPG levels C126 mg/dl or 2-h PG

levels C200 mg/dl. NGT was defined as FPG

levels\110 mg/dl and 2-h PG levels\140 mg/dl. Im-

paired fasting glucose (IFG) was defined as only FPG

levels in the impaired range (i.e., 110 B FPG\ 126 mg/dl

and 2-h PG\ 140 mg/dl). IGT was defined as FPG\
126 mg/dl and 140 B 2-h PG\ 200 mg/dl. In addition,

groups at increased risk of diabetes (1-h PG levels

C180 mg/dl with normal 2-h PG) were included in IGT

according to the criteria of JDS. In this study, the National

Glycohemoglobin Standardization Program (NGSP)

HbA1c values were used for analysis by conversion to JDS

HbA1c values [9].

PG-AUCs were calculated by trapezoidal approximation

of PG levels. PG levels at x min were defined as PG(x), and

PG-AUC was calculated as follows:

PG AUC (mg h/dl)

¼ PGð0Þ þ PGð30Þ � 2 þ PGð60Þ � 3 þ PGð120Þ � 2

4

Results

Table 1 shows 75-g OGTT data classified by NGT, IFG,

IGT, and DM, which represented 48, 2, 38, and 12 % of

patients, respectively. The mean PG levels after glucose

loading and PG-AUC in IGT were much higher than those

in NGT, whereas the mean HbA1c and FPG levels in IGT

were similar to those in NGT.

Figure 1 shows the distribution frequencies of (a) PG-

AUC and (b) HbA1c levels in NGT, IFG, IGT, and DM.

IGT was clearly distinguished from NGT at a PG-AUC

of *300 mg h/dl. The large overlap in HbA1c levels be-

tween NGT and IGT made it difficult to separate IGT from

NGT according to HbA1c levels. This HbA1c overlap

corresponded well to the findings of a previous analysis of

over 18,000 75-g OGTT results in a Japanese study by

Kuzuya et al. [4], indicating that our data are representative

of Japanese OGTT profiles.

Receiver-operating characteristic (ROC) curves for PG-

AUC, HbA1c levels, FPG levels, and 2-h PG levels are

shown in Fig. 2, with IFG, IGT, and DM defined as posi-

tive in the analysis. The area under the ROC curves for

HbA1c and FPG levels was 0.7–0.8, in agreement with

previously reported results [10]. On the other hand, the area

under the ROC curve for PG-AUC was much higher than

that for HbA1c and FPG levels (Fig. 2). When the cutoff

value was set to 290 mg h/dl, the sensitivity and specificity

of PG-AUC were 90 and 93 %, respectively. The glucose

profiles of all false-negative and -positive cases as classi-

fied by PG-AUC (290 mg h/dl) are shown in Fig. 3. False-

positive profiles showed high 0.5- and 1-h PG levels; on the

other hand, false-negative profiles showed slightly in-

creased FPG or 2-h PG levels. These results indicate some

discrepancy between the diagnostic criteria and glucose

excursion after OGTT.

The correlations between peak glucose levels and PG-

AUC, FPG levels, 1-h PG levels, and 2-h PG levels during

OGTTs are shown in Fig. 4. The correlation between peak

glucose levels and the PG-AUC was the highest

Table 1 OGTT data classified according to the diagnostic criteria

NGT IFG IGT DM

N 253 8 196 63

Age 59 ± 13 61 ± 11 60 ± 11 64 ± 7

FPG (mg/dl) 94 ± 6 113 ± 5 102 ± 9 131 ± 2 l

0.5-h PG (mg/dl) 146 ± 26 170 ± 29 175 ± 30 217 ± 32

l–h PG (mg/dl) 130 ± 30 144 ± 21 191 ± 35 265 ± 51

2-h PG (mg/dl) 107 ± 21 100 ± 20 143 ± 33 254 ± 64

PG-AUC (mg-h/dl) 248 ± 34 271 ± 31 328 ± 37 466 ± 80

HbAlc (%) 5.1 ± 0.3 5.3 ± 0.5 5.3 ± 0.4 6.2 ± 0.7

Data are expressed as mean ± 1SD
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(R2 = 0.90), which was reasonable from the formula to

calculate the area. Moreover, the correlations between PG-

AUC and 1-h PG levels, 2-h PG levels and FPG levels

during the OGTT are shown in Fig. 5. The correlation

between the 1-h PG levels and PG-AUC was the highest

(R2 = 0.91). In most cases, plasma glucose levels reach the

peak 30 min or 1-h after glucose loading; therefore, these

results were again reasonable.

Discussion

Cutoff glucose AUC value for glucose intolerance

screening

The cutoff value of the glucose AUC for glucose intoler-

ance screening was set to 290 mg h/dl on the basis of

analysis of ROC curves.

As diagnostic criteria, the upper glucose limits of NGT

during OGTT are 110 mg/dl at fasting, 180 mg/dl 1-h after

glucose load, and 140 mg/dl 2-h after glucose load. As

reported previously, using these levels, the upper limit of

the glucose AUC in NGT is 305 mg h/dl [11], which is

5 % higher than the cutoff value defined by the ROC curve.

If the PG-AUC is[305 mg h/dl, then all patients are

positive (glucose intolerant) in principle, indicating that the

PG-AUC has the highest specificity with this cutoff value.

However, this value is not suitable for screening because of

the corresponding low sensitivity (78 %). Therefore, we

determined that 290 mg h/dl is an appropriate glucose

AUC cutoff value for glucose intolerance screening. We

regard the proposal of this hopeful cutoff as one of the

strengths of this study. Previously, we proposed the pos-

sible cutoff of the glucose AUC measured by our devel-

oping system described in a later section, but examinations

were conducted with only a small number of subjects [11].

However, further validation of the cutoff value using a

larger OGTT data set and/or in daily practice would be

required in the future. Moreover, from the viewpoint of

global consensus, using a data set including other races

would also be required. Besides, each country might give

importance to a different population to pick up at screen-

ing; investigation of this point is necessary.

Fig. 1 PG-AUC (a) and HbA1c (b) distributions according to the

diagnostic criteria

Fig. 2 ROC curves for screening for glucose intolerance, including

IFG, IGT, and DM

Fig. 3 Mean OGTT profiles of false-positives (FP, solid line) and

false-negatives (FN, dotted line) as classified by the PG-AUC
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Screening for glucose intolerance with glucose AUC

The area under the ROC curves for glucose intolerance

screening was 0.96 for PG-AUC, 0.71 for HbA1c levels,

0.81 for FPG levels, and 0.86 for 2-h PG levels, indicating

the usefulness of the glucose AUC for glucose intolerance

screening. Using a cutoff value of 290 mg h/dl, PG-AUC

screening was highly consistent with the diagnostic criteria

(sensitivity, 90 %; specificity, 93 %). We examined the

reason for this high concordance between PG-AUC

screening and the diagnostic criteria. The group at in-

creased risk of diabetes, IGT, and DM with normal FPG

levels cannot be detected by FPG screening. The group at

increased risk of diabetes with 1-h high glucose levels but

normal 2-h PG levels cannot be detected by measuring only

2-h PG levels. On the other hand, PG-AUC includes whole

glucose excursion, namely FPG, 1-h PG, and 2-h PG

levels; thus, it yields superior information for high sensi-

tivity/specificity screening. As mentioned in the ‘‘Materials

and methods’’ section, the group at increased risk of dia-

betes based on the JDS criteria was classified as positive

because these subjects have a higher risk of developing

DM than those with NGT [4]. Regarding the early stage of

glucose intolerance, the adequacy of this classification and

treatment of NGT with high FPG levels

(100 B FPG\ 110 mg/dl) require further investigation in

a future study.

False-positive profiles showed high 0.5- and 1-h PG

levels, indicating that large glucose AUCs were induced by

delayed insulin secretion, a phenomenon known to occur

during the early stage of glucose intolerance. On the other

hand, false-negative profiles showed slightly increased

FPG or 2-h PG levels and postload glucose excursion was

relatively small, indicating a slight decrease in glucose

tolerance in false-negative cases. DM sensitivity using this

cutoff value was 98 %, and only one patient was classified

as false negative. The glucose profile of this patient, which

varied from 160 mg/dl before loading to 132 mg/dl at

30 min, 148 mg/dl at 60 min, and 103 mg/dl at 120 min,

showed a typical pattern of insufficient fasting before the

start of the 75-g OGTT.

The results of this study illustrate the usefulness of the

glucose AUC during OGTT for glucose intolerance

screening. We regard this point as another strength of our

study; To our knowledge, this is the first examination of

screening by the AUC calculated from blood sampling.

Fig. 4 Correlation between the

peak PG and a PG-AUC, b 2-h

PG levels, c 1-h PG levels, and

d FPG levels
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Moreover, concerning cost-effectiveness, the Japanese

medical service system does not admit the additional

medical remuneration point because of the increase of

blood sampling points. Hence, multiple blood sampling for

calculation of the AUC requires the same cost as usual

OGTT. However, although the glucose AUC may be a

superior index for glucose intolerance compared with the

existing indices, the need for multiple blood samples is

burdensome on patients and the medical staff. Therefore,

we have developed a minimally invasive glucose AUC

monitoring system that allows convenient monitoring of

postprandial glucose levels without blood sampling, and

this system can be useful as a prescreening method for

glucose intolerance before OGTT for diagnosis [11–14].

Usefulness of glucose AUC measurement

Peak glucose levels correlated with the PG-AUC most

strongly (R2 = 0.90), and the correlation was independent

of glucose tolerance, indicating that the PG-AUC is a good

surrogate marker for peak glucose levels. Although the

OGTT was used for glucose loading in this study, it is also

possible to apply this correlation between PG-AUC and

peak glucose levels to daily meals. The American Diabetes

Association and International Diabetes Federation guide-

lines describe the importance of peak postprandial glucose

management [15, 16]. However, it is difficult to monitor

peak glucose levels after a meal in daily practice, because

the peak glucose time is strongly dependent on diet and

glucose tolerance. Because the glucose AUC includes the

whole postprandial glucose and peak glucose levels, the

correlation between the peak glucose levels and glucose

AUC was high but not dependent on the peak time, sug-

gesting that peak glucose levels can be predicted by the

presented minimally invasive glucose AUC monitoring

system without consideration of the timing of

measurement.

Moreover, the correlations among the PG-AUC and 1-h

PG levels, 2-h PG levels, and FPG levels during the OGTT

were examined. Although the PG-AUC correlated strongly

with 1-h PG levels, the correlation of diabetes patients

seemed to be dissociated from that of the others.

In the present study, the PG-AUC and peak glucose

levels were based on glucose data measured 0, 30, 60, and

120 min after glucose loading. A detailed evaluation of the

adequacy of this method in future studies would require

Fig. 5 Correlation between the

PG-AUC and a 2-h PG levels,

b 1-h PG levels, and c FPG

levels
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continuous glucose monitoring to calculate the PG-AUC

and detection of peak glucose levels.

Limitations

As already discussed, we consider the weaknesses of this

study to be the limited population and number of races in

the OGTT data as well as the limited examination of cost-

effectiveness. These will be subjects of future

investigations.

Conclusion

High screening sensitivity (90 %) and specificity (93 %)

were obtained using a glucose AUC cutoff value of

290 mg h/dl according to OGTT data analysis with diag-

nostic criteria, and the screening rate was improved com-

pared with those obtained using HbA1c, FPG, and 2-h PG

levels. From these findings, we propose that the glucose

AUC, which reflects the entire glucose excursion, could be

useful as an index of glucose tolerance.
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