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Abstract

Objective

Using a specific cutoff of fasting plasma glucose (FPG) to screen gestational diabetes melli-

tus (GDM) can reduce the use of oral glucose tolerance tests (OGTT). Since the prevalence

of GDM increases with age, this screening method may not be appropriate in healthcare

systems where women become pregnant at older ages. Therefore, we aimed to develop a

screening algorithm for GDM that takes maternal age into consideration.

Methods

We included 945 pregnant women without history of GDM who received 75g OGTT to diag-

nose GDM in 2011. Screening algorithms using FPG with or without age were developed.

Another 362 pregnant women were recruited in 2013–2015 as the validation cohort.

Results

Using FPG criteria alone, more GDM diagnoses were missed in women�35 years than in

women <35 years (13.2% vs. 5.8%, p <0.001). Among GDM women�35 years, 63.6% had

FPG <92 mg/dL (5.1 mmol/L). Use of the algorithm with an “age plus FPG” cutoff could

reduce the use of OGTT (OGTT%) from 77.6% to 62.9%, while maintaining good sensitivity

(from 91.9% to 90.2%) and specificity (from 100% to 100%). Similar reduction in OGTT%

was found in the validation cohort (from 86.4% to 76.8%). In the simulation, if the percentage

of women�35 years were 40% or more, the screening algorithm with an “age plus FPG”

cutoff could further reduce OGTT% by 11.0%-18.8%.

Conclusions

A screening algorithm for GDM that takes maternal age into consideration can reduce the

use of OGTT when women become pregnant at older ages.
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Introduction

Gestational diabetes mellitus (GDM) is defined as carbohydrate intolerance during pregnancy

that is developed or recognized for the first time [1, 2]. Pregnant women with GDM have a

higher risk of adverse perinatal outcomes, including macrosomia, birth trauma, neonatal jaun-

dice, infant respiratory distress syndrome, and hypertensive disorders of pregnancy, and a

need of primary cesarean section [3, 4]. In addition, 15–50% of these GDM women develop

type 2 diabetes later in life [1]. Furthermore, based on reports from our group and others, chil-

dren and adolescents with higher birth weight are associated with increased risk of obesity and

diabetes [5, 6]. Therefore, we sometimes call GDM “a disease across two generations”.

In 2010, the International Association of the Diabetes and Pregnancy Study Group

(IADPSG) proposed a new diagnostic criterion using 75g oral glucose tolerance tests (OGTT)

to diagnose GDM. This new criterion was adopted by the World Health Organization, the

American Diabetes Association, and many other organizations [7, 8]. In the IADPSG guide-

line, all pregnant women are suggested to undergo OGTT. Since OGTT are time-consuming

for mothers and labor-intensive for the laboratory, some studies report screening methods to

reduce the use of OGTT. Among the reports, two studies from the United Arab Emirates and

China used fasting plasma glucose (FPG) to decide whether OGTT is needed [9, 10]. This

FPG-based screening method reduced the use of OGTT by 50%, and missed only 4.6% to

12.2% of GDM women.

In the study from the United Arab Emirates, the mean age of the study subjects was 28.3

years [9]. In the study from China, the mean age was not given, but we believe that it would

not be high, since women often get pregnant at relatively young ages in China [11]. This is dif-

ferent from the situation in many healthcare systems and countries, especially in most devel-

oped countries, where women get pregnant at older ages [12–14]. Besides, in non-pregnant

adults, diagnosis of diabetes using FPG criteria alone would miss a significant proportion of

older subjects with diabetes [15, 16]. These data suggest that a screening strategy for GDM

based on an FPG cutoff value may not be appropriate when women become pregnant at an

older age. To the best of our knowledge, the role of maternal age in the screening of GDM has

not been explored. Therefore, in this study, we aimed to develop a screening algorithm taking

maternal age into consideration to improve the performance of the FPG-based screening

algorithm.

Materials and methods

We conducted two cohort studies for this project, including a retrospective cohort study to

develop the screening algorithms (the training cohort) and a prospective cohort study to vali-

date the performance of the algorithms (the validation cohort). In the training cohort, all preg-

nant women, who delivered a singleton child between January 2011 and December 2011 at

National Taiwan University Hospital, Taipei, Taiwan, were recruited retrospectively by

reviewing medical records [14]. Their medical and gynecological history, and results of physi-

cal examination and laboratory tests were recorded. All pregnant women underwent a 75g

OGTT at 24–28 weeks to diagnose GDM. Pregnant women with overt diabetes, defined as dia-

betes diagnosed before pregnancy, were excluded. Written informed consent was obtained

from each patient for the agreement of chart review in the training cohort. On the other hand,

the validation cohort was recruited prospectively from November, 2013 to March, 2015. A

total of 441 pregnant women were contacted and 375 (85%) agreed to participate this study.

All pregnant women in this cohort underwent the same procedures as that in the training

cohort. Their medical history, findings from physical examination, and results of laboratory

tests were recorded. Written informed consent was obtained from each patient before
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enrollment in the validation cohort. Both studies were reviewed and approved by the Institu-

tional Review Board of National Taiwan University Hospital.

GDM was diagnosed according to the IADPSG criteria [7]. Specifically, the diagnosis was

made when any of the following criteria were met: 1). FPG�92 mg/dL (5.1 mmol/L); 2). 1-hour

plasma glucose during OGTT (1hPG)�180 mg/dL (10.0 mmol/L); 3). 2-hour plasma glucose

during OGTT (2hPG)�153 mg/dL (8.5 mmol/L). GDM with FPG<92 mg/dL (5.1 mmol/L)

was defined as 1hPG�180 mg/dL (10.0 mmol/L) or 2hPG�153 mg/dL (8.5 mmol/L), and FPG

<92 mg/dL (5.1 mmol/L). When the diagnosis of GDM was made, the woman will receive treat-

ment for GDM, including lifestyle modification and self- monitoring of blood glucose, with or

without medications. Since it is reasonable for pregnant women with a history of GDM to

undergo OGTT, we excluded women with a history of GDM from the analyses in this study

(women with history of GDM, N = 3 in the training cohort, and N = 13 in the validation cohort).

Information on parity, a history of macrosomia, a history of hypertension, a history of preg-

nancy-induced hypertension and a history of preeclampsia was acquired by physicians. Body

height was recorded to the nearest 0.5 cm (0.2 in) and body weight to the nearest 0.1 kg (0.22 lb).

BMI was defined as body weight (kilograms) divided by the square of body height (meters).

Large for gestational age was defined as a birth weight above the gender-specific 90th percentile

for gestational age.

Statistical analysis

Data were presented as means and standard deviations for continuous variables, and as num-

ber and percentages for categorical variables. Student’s t tests, Chi-square tests, and Fisher’s

exact tests were used to identify the differences in clinical characteristics between the GDM

and non-GDM groups. Since pregnant women with FPG� 92 mg/dL (5.1 mmol/L) can be

diagnosed as GDM by the definition of the IADPSG, logistic regression analyses were per-

formed to identify important risk factors and to estimate their regression coefficients in

women with FPG <92 mg/dL (5.1 mmol/L). Variables significantly associated with GDM in

univariate logistic regression models were included in multivariate analyses. Model 1 was con-

structed by forward and backward selection (both selection methods resulted in the same

model) and consisted of variables which were independently associated with GDM in women

with FPG <92 mg/dL (5.1 mmol/L), including age, BMI and FPG. Model 2 (the full model)

included all the variables which were significantly associated with GDM in women with FPG

<92 mg/dL (5.1 mmol/L) in univariate analyses. Since the regression coefficients for age in

years and FPG in mg/dL were similar in the statistical model composed of age and FPG, “age

plus FPG” was used to develop a screening algorithm to exclude GDM in women with

FPG< 92 mg/dl (5.1 mmol/L). Receiver operating characteristic (ROC) curves were used to

compare the performance of FPG-only and “age plus FPG” to screen GDM in women with

FPG<92 mg/dL (5.1 mmol/L). Two algorithms were developed. Algorithm A used FPG to

determine the use of OGTT; algorithm B used “age plus FPG” to decide the use of OGTT. In

both algorithms, women with FPG�92 mg/dL (5.1 mmol/L) was diagnosed as GDM. To

search for the cutoffs to exclude GDM, we calculated the performance of each algorithm to

diagnose GDM, including sensitivity, specificity and the percentage of women who received

OGTT (OGTT%). Since FPG levels in women with FPG <92 mg/dL (5.1mmol/L) in the train-

ing cohort ranged from 60 to 91 mg/dL, we calculated the performance of the algorithm A

with FPG cutoffs at 60 to 91, with an increment of 1 (i.e. 60, 61, 62, etc.). In algorithm B, since

the values of age in years plus FPG in mg/dL in women with FPG <92 mg/dL (5.1 mmol/L)

ranged from 90 to 140 in the training cohort, we calculated the performance of the algorithm

with cutoffs of age plus FPG from 90 to 140, with an increment of 1, from 90 to 140 (i.e. 90, 91,
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92, etc.). In both algorithms, pregnant women were diagnosed as GDM either by FPG�92

mg/dL (5.1 mmol/L) or the results of OGTT. Therefore, the false positive rate (FPR) was 0%

for both algorithms. By definition, specificity equals to 1 –FPR. So the specificity for both

algorithms is always 100%, no matter which cutoffs were chosen. Since the specificity of both

algorithms was always 100%, the determination of optimal cutoffs was a tradeoff between sen-

sitivity and OGTT% (S1 Table, see Supporting Information for more details). We determined

the optimal cutoffs in each algorithm when the sensitivity was greater than 90% and the OGTT

% was the lowest. Validation was performed in the validation cohort by using the algorithms

with the optimal cutoffs determined by the data of the training cohort. Then we simulated the

relationship between the percentage of pregnant women older than 35 years and OGTT% by

these two algorithms using data from the training cohort. For every cutoff to exclude GDM

(60 to 91 in algorithm A and 90 to 140 in algorithm B), OGTT% and sensitivity in women

younger than 35 years and in women older than 35 years were calculated separately. The per-

centage of women older than 35 years was simulated in increments of 10%, from 0% to 100%

(i.e. 0%, 10%, 20%, etc.), and OGTT% and sensitivity in the whole population were calculated

for ?A3B2 tlsb 0?> each percentage of women older than 35 years. The OGTT% in the whole

population was calculated by the following formula: percentage of women younger than 35

years�OGTT% in women younger than 35 years + percentage of women older than 35 years�

OGTT% in women older than 35 years. The sensitivity in the whole population was calculated

by the following formula: (percentage of women younger than 35 years�percentage of women

with GDM by both the IADPSG criteria and the algorithm in women younger than 35 years + per-

centage of women older than 35 years�percentage of women with GDM by both the IADPSG cri-

teria and the algorithm in women older than 35 years) / (percentage of women younger than 35

years�percentage of women with GDM by the IADPSG criteria in women younger than 35 years +

percentage of women older than 35 years�percentage of women with GDM by the IADPSG crite-

ria in women older than 35 years). For each percentage of women older than 35 years, the optimal

cutoff was determined when the sensitivity in the whole simulated population was above 90% and

the OGTT% was the lowest. A two-tailed p-value below 0.05 was considered significant. Statistical

analyses were performed using Stata ⁄ SE 11.0 for Windows (StataCorp, College Station, TX, USA).

Results

A total of 945 pregnant women were included in the training cohort, and another 362 women

were included in the validation cohort; in all, 123 (13.0%) women in the training cohort and

38 (10.5%) in the validation cohort were diagnosed as having GDM. In the training cohort,

women with GDM were older, had more parity, and a higher body weight, body mass index

(BMI), FPG, 1hPG, and 2hPG. A higher percentage of women with GDM had a history of

pregnancy induced hypertension (PIH). In the validation cohort, women with GDM were

older, and had a higher BMI, FPG, 1hPG, and 2hPG (Table 1).

The prevalence of GDM with FPG <92 mg/dL (5.1 mmol/L) increased with age (Fig 1).

The prevalence of GDM with FPG <92 mg/dL (5.1 mmol/L) was 5.7% for the age group below

30 years, 5.8% for the age group 30–34 years, 9.5% for the age group 35–39 years, and 29.9%

for the age group above 40 years. In women�35 years, the prevalence of GDM with FPG <92

mg/dL (5.1 mmol/L) was significantly higher than that in women younger than 35 years

(13.2% vs. 5.8%, p <0.001); 63.6% of GDM women�35 years had GDM with FPG <92 mg/dL

(5.1 mmol/L).

Regression coefficients of risk factors for GDM in women with FPG <92 mg/dL (5.1

mmol/L) are listed in Table 2. Age, parity, history of PIH, BMI, and FPG were significant risk

factors for GDM in women with FPG<92 mg/dL (5.1 mmol/L) in univariate analyses. Model

The impact of maternal age on screening GDM
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Table 1. Clinical characteristics of women with and without gestational diabetes mellitus by 2-hour, 75g oral glucose tolerance tests in the training

cohort and in the validation cohort.

The training cohort The validation cohort

With GDM Without GDM P With GDM Without GDM P

N 123 (13.0%) 822 (87.0%) NA 38 (10.5%) 324 (89.5%) NA

Age (years) 35.6 (4.0) 33.3 (3.9) <0.001 35.6 (4.2) 33.7 (3.9) 0.005

Age�35 years (N, %) 77 (62.6%) 295 (35.9%) <0.001 23 (60.5%) 132 (40.7%) 0.02

Parity (1/2/3/more, %) 44/46/8/2 58/35/6/1 0.008 50/45/3/3 56/35/8/1 0.3

History of macrosomia (N, %) 2 (1.6%) 3 (0.4%) 0.1 0 (0%) 2 (0.6%) 1.0

History of hypertension (N, %) 2 (1.6%) 8 (1.0%) 0.6 1 (2.6%) 3 (0.9%) 0.4

History of PIH (N, %) 2 (1.6%) 1 (0.1%) 0.046 2 (5.3%) 3 (0.9%) 0.1

History of preeclampsia (N, %) 0 (0%) 7 (0.9%) 0.6 1 (2.6%) 4 (1.2%) 0.4

BW (kg) 65.4 (10.1) 62.2 (7.7) <0.001 70.2 (15.3) 62.1 (8.5) <0.001

BMI (kg/m2) 25.9 (3.9) 24.2 (2.8) <0.001 27.0 (5.3) 24.1 (3.2) <0.001

FPG (mg/dL) [mmol/L] 86 (12) [4.8 (0.6)] 77 (5) [4.3 (0.3)] <0.001 85 (10) [4.7 (0.6)] 78 (5) [4.4 (0.3)] <0.001

1hPG (mg/dL) [mmol/L] 183 (88) [10.2 (4.9)] 128 (24) [7.1 (1.3)] <0.001 175 (30) [9.7 (1.7)] 129 (24) [7.1 (1.3)] <0.001

2hPG (mg/dL) [mmol/L] 153 (28) [8.5 (1.5)] 111 (18) [6.1 (1.0)] <0.001 159 (18) [8.8 (1.0)] 111 (19) [6.2 (1.1)] <0.001

Mean (standard deviations) or N (%) were shown.

GDM, gestational diabetes mellitus; NA, not applicable; PIH, pregnancy induced hypertension; BW, body weight at the visit for oral glucose tolerance tests;

BMI, body mass index at the visit for oral glucose tolerance tests; FPG, fasting plasma glucose during oral glucose tolerance tests; 1hPG, 1-hour plasma

glucose during oral glucose tolerance tests; 2hPG, 2-hour plasma glucose during oral glucose tolerance tests.

Plasma glucose in mg/dL = plasma glucose in mmol/L * 18.

https://doi.org/10.1371/journal.pone.0173049.t001

Fig 1. The prevalence of Gestational Diabetes Mellitus (GDM) with Fasting Plasma Glucose (FPG) <92

mg/dL (5.1 mmol/L) in pregnant women by age in the training cohort. Women who have GDM with FPG

<92 mg/dL (5.1 mmol/L) will be missed if only FPG is checked. GDM, gestational diabetes mellitus; FPG, fasting

plasma glucose.

https://doi.org/10.1371/journal.pone.0173049.g001
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1 consisted of variables which are independently associated with GDM in stepwise multivariate

analyses, including age, BMI and FPG. In Model 2 (the full model), age and FPG were signifi-

cantly associated with GDM in women with FPG <92 mg/dL (5.1 mmol/L), adjusted for par-

ity, history of PIH and BMI. Since BMI usually changes during pregnancy and is not a

significant predictor in Model 2, we constructed Model 3 composed of age and FPG only. Both

age and FPG were significantly associated with GDM in women with FPG <92 mg/dL (5.1

mmol/L) (Model 3). Since the regression coefficients for age in years and FPG in mg/dL were

similar in Model 3, “age plus FPG” was used to develop a screening algorithm for GDM. To

compare the performance of “FPG only” and “age plus FPG” cutoffs, ROC curves for a single

cutoff to screen GDM in women whose FPG <92 mg/dL (5.1 mmol/L) were shown in S1 Fig

(See Supporting Information for more details). OGTT was not included as the screening

method. The area under the ROC curve for “age plus FPG” was significantly higher than that

for FPG only (0.7145 vs. 0.6654, p = 0.0103).

Then we developed two screening algorithms (Fig 2). Both algorithms used FPG�92 mg/

dL (5.1 mmol/L) to diagnose GDM. To exclude GDM, algorithm A (Fig 2A) used an FPG

Table 2. Regression coefficients (95% confidence interval) of risk factors for gestational diabetes mellitus in women with fasting plasma glucose

<92 mg/dL (5.1 mmol/L) in logistic regression models in the training cohort.

Crude Model 1 Model 2 Model 3

Age (years) 0.14 (0.09–0.19)*** 0.11 (0.05–0.17)*** 0.11 (0.05–0.18)*** 0.12 (0.06–0.18)***

Parity 0.42 (0.15–0.68)** 0.00 (-0.38–0.38)

History of PIH (yes vs. no) 2.61 (0.20–5.02)* 1.2 (-1.85–4.18)

BMI (kg/m2) 0.16 (0.10–0.22)*** 0.08 (0.00–0.16)* 0.07 (-0.01–0.16)

FPG (mg/dL) 0.11 (0.07–0.15)*** 0.10 (0.05–0.15)*** 0.10 (0.05–0.15)*** 0.10 (0.05–0.14)***

* p <0.05.

** p <0.01.

*** p <0.001.

Plasma glucose in mg/dL = plasma glucose in mmol/L * 18.

PIH, pregnancy induced hypertension; BMI, body mass index at the visit for the oral glucose tolerance tests; FPG, fasting plasma glucose.

https://doi.org/10.1371/journal.pone.0173049.t002

Fig 2. Algorithm (A) A and (B) B to screen gestational diabetes mellitus. The percentages of pregnant women in the training cohort are shown. Age

+ FPG, age in years plus fasting plasma glucose in mg/dL (plasma glucose in mg/dL = plasma glucose in mmol/L * 18). FPG, fasting plasma glucose; GDM,

gestational diabetes mellitus; OGTT, oral glucose tolerance tests; GDM excluded, pregnant women who were diagnosed as not having GDM; GDM

diagnosed, pregnant women who were diagnosed as GDM.

https://doi.org/10.1371/journal.pone.0173049.g002
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cutoff (in mg/dL) and algorithm B (Fig 2B) used an “age plus FPG” cutoff (age in years and

FPG in mg/dL). In algorithm A, pregnant women were diagnosed as GDM if their FPG was

greater than or equal to 92 mg/dL. If FPG was below 73 mg/dL, GDM was excluded. If FPG

was between 73 and 91 mg/dl, OGTT was recommended to confirm the diagnosis of GDM

according to the IADPSG criteria. In algorithm B, pregnant women were diagnosed as GDM if

their FPG was greater than or equal to 92 mg/dL. Among women with FPG <92 mg/dl, if “age

plus FPG” was below 108, GDM was excluded; if “age plus FPG” was greater than or equal to

108, OGTT was suggested to confirm the diagnosis of GDM according to the IADPSG criteria.

In Table 3, the OGTT% was reduced from 77.6% in algorithm A to 62.9% in algorithm B in

the training cohort. Similarly, the OGTT% was reduced from 86.4% to 76.8% in the validation

cohort.

The impact of maternal age on OGTT% in both algorithms was evaluated by simulated

population with different percentage of pregnant women older than 35 years (percentage35)

(S2 Table and S2 Fig, see Supporting Information for more details). In algorithm A, when per-

centage35 increased from 0% to 100%, the optimal FPG cutoff remained the same, but the

OGTT% increased from 75.2% to 81.2%. In algorithm B, the optimal cutoff increased from

103 to 112 when percentage35 increased from 0% to 100%. However, the OGTT% decreased

from 78.2% to 63.1% when percentage35 increased from 0% to 40%. When percentage35 was

between 40% and 80%, the OGTT% did not decrease further and remained stable between

63.0–62.4%. When percentage35 was above 80%, the OGTT% increased to 65.7% and 70.2%,

but the OGTT% by algorithm B was still lower than the OGTT% by algorithm A. Compared to

algorithm A, algorithm B reduced more OGTT% with increasing percentage35. When per-

centage35 was greater than 40%, use of algorithm B resulted in a further reduction of 11.0%-

18.8% in OGTT%. This could be explained by the numbers in S2 Table (See Supporting Infor-

mation for more details). In algorithm B, when percentage35 increased from 0% to 10%, the

reduction in OGTT% for women younger than 35 years (12.9%, derived by 78.2%–65.3%) was

greater than the increment of OGTT% for women older than 35 years (9.2%, derived by 9.2%–

0%). Similar pattern can be found when percentage35 increased from 10% to 40%.

The relationship between pregnancy outcomes and GDM defined by different algorithms

was summarized in Table 4 and Table 5. There were 7 subjects whose pregnancy outcomes

were not available. The results showed that pregnant women with GDM, compared to those

without GDM, had higher percentage of adverse pregnancy outcomes, no matter GDM was

defined by algorithm A, algorithm B or the IADPSG criteria (Table 4). In Table 5, GDM

defined by algorithm A, algorithm B or the IADPSG criteria was associated with a higher risk

Table 3. Performance of algorithm A and B to screen gestational diabetes mellitus in the training cohort and in the validation cohort.

Cutoff Threshold to

exclude GDM

Training cohort Validation cohort

OGTT

(%)

Sensitivity

(%)

Specificity

(%)

The area

under the

ROC curve

OGTT

(%)

Sensitivity

(%)

Specificity

(%)

The area

under the

ROC curve

Algorithm

A

FPG <73 77.6 91.9 (85.6–

96)

100 0.959 (0.935–

0.984)

86.4 92.1 (78.6–

98.3)

100 0.961 (0.917–

1)

Algorithm

B

“Age

plus

FPG”

<108 62.9 90.2 (83.6–

94.9)

100 0.951 (0.925–

0.978)

76.8 92.1 (78.6–

98.3)

100 0.961 (0.917–

1)

Estimates (95% confidence interval) were shown.

GDM, gestational diabetes mellitus; OGTT, oral glucose tolerance tests; ROC, receiver operating characteristic.

FPG is in conventional units (mg/dL). Plasma glucose in mg/dL = plasma glucose in mmol/L * 18.

https://doi.org/10.1371/journal.pone.0173049.t003
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of adverse pregnancy outcomes, including Cesarean section, pregnancy-induced hypertension,

preeclampsia, preterm delivery and large for gestational age.

Discussion

In this study, we found, for the first time, that the prevalence of GDM with FPG <92 mg/dL

(5.1 mmol/L) increased with age. In other words, if only FPG criterion is used to screen GDM,

more women with GDM who become pregnant at an older age will be missed. The algorithm

with an FPG cutoff to exclude GDM (algorithm A) could reduce OGTT% by 22.4%. The algo-

rithm with an “age plus FPG” cutoff to exclude GDM (algorithm B) could further reduce the

OGTT% by 14.7%. Similar reductions in OGTT% were found in the validation cohort (OGTT

%, 86.4% with algorithm A and 76.8% with algorithm B). In the simulation, we found that

OGTT% was reduced 11.0%-18.8% more by algorithm B, compared with algorithm A, when

there were more than 40% of pregnant women older than 35 years.

In the present study, FPG was a strong predictor for GDM with FPG <92 mg/dL (5.1

mmol/L) and can be used to reduce the use of OGTT. In support of our findings, FPG-based

screening methods were shown to reduce OGTT% in studies from the United Arab Emirates

[9] and China [10]. In the study from United Arab Emirates, researchers used an FPG cutoff of

79.2 mg/dL to decide the use of OGTT. This method resulted in a reduction of OGTT% to

49.4%, with a high sensitivity of 95.4%. In the study from China, the investigators used the

same FPG cutoff. The OGTT% was 49.7%, but the sensitivity was a little bit lower (87.8%). In

the present study, the FPG cutoff in algorithm A was lower (73 mg/dL) and the OGTT% was

higher (77.6%) than the data reported in the studies from the United Arab Emirates and

China. Since the mean age of the study subjects was lower than that in the present study, the

higher OGTT% in the present study may result from the different age distribution.

Table 4. Pregnancy outcomes in women with and without gestational diabetes mellitus defined by algorithm A, B, or the IADPSG criteria.

Algorithm A Algorithm B IADPSG

without GDM with GDM without GDM with GDM without GDM with GDM

N 827 111 829 109 817 121

Maternal outcomes

Primary CS (N,%) 173 (21.0%) 29 (26.1%) 174 (21.0%) 28 (25.7%) 172 (21.1%) 30 (24.8%)

CS (N,%) 287 (34.7%) 52 (46.8%)* 286 (34.5%) 53 (48.6%)† 283 (34.6%) 56 (46.3%)*

PIH (N,%) 10 (1.2%) 5 (4.5%)† 10 (1.2%) 5 (4.6%)† 10 (1.2%) 5 (4.1%)*

Preeclampsia (N,%) 9 (1.1%) 6 (5.4%)† 9 (1.1%) 6 (5.5%)† 9 (1.1%) 6 (5.0%)†

Fetal outcomes

Preterm delivery (N,%) 72 (8.7%) 27 (24.3%)‡ 72 (8.7%) 27 (24.8%)‡ 71 (8.7%) 28 (23.1%)‡

BW >90th percentile (N,%) 68 (8.2%) 17 (15.3%)* 68 (8.2%) 17 (15.6%)* 68 (8.3%) 17 (14.1%)*

Jaundice (N,%) 185 (22.4%) 30 (27.0%) 184 (22.2%) 31 (28.4%) 182 (22.3%) 33 (27.3%)

Admission to NICU (N,%) 2 (0.2%) 1 (0.9%) 2 (0.2%) 1 (0.9%) 2 (0.2%) 1 (0.8%)

Birth trauma (N,%) 5 (0.6%) 2 (1.8%) 5 (0.6%) 2 (1.8%) 5 (0.6%) 2 (1.7%)

Neonatal hypo- glycemia (N,%) 4 (0.5%) 1 (0.9%) 4 (0.5%) 1 (0.9%) 4 (0.5%) 1 (0.8%)

Fetal death (N,%) 0 (0%) 1 (0.9%) 0 (0%) 1 (0.9%) 0 (0%) 1 (0.8%)

* p<0.05.

† p <0.01.

‡ p <0.001 by chi-squared test, for subjects with or without GDM using different diagnostic algorithms.

GDM, gestational diabetes mellitus; IADPSG, the International Association of the Diabetes and Pregnancy Study Group; CS, Cesarean section; PIH,

pregnancy induced hypertension; BW >90th percentile, a birth weight above the gender-specific 90th percentile for gestational age; NICU, neonatal

intensive care unit.

https://doi.org/10.1371/journal.pone.0173049.t004
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We found that age was a major determinant of GDM with FPG<92 mg/dL (5.1 mmol/L).

In support of our findings, several studies have shown that the prevalence of isolated post-load

hyperglycemia (IPH) increased with age in non-pregnant adults [15–20]. In the DECODE

study, IPH was more prevalent in women than in men in all age groups [21]. The pathogenesis

of IPH differs from that of impaired fasting glucose (IFG). Subjects with IFG have marked

hepatic insulin resistance with normal or near-normal insulin sensitivity in skeletal muscle

and adipose tissue, but subjects with impaired glucose tolerance (IGT) have predominant insu-

lin resistance in skeletal muscle and adipose tissue with only mild hepatic insulin resistance

[22–24]. Aging-related glucose intolerance is more prominent in the third decade and contin-

ues throughout adulthood [25, 26]. These age-related changes are particularly characterized by

an impaired response to glucose challenge, which is partly due to physical inactivity and a

decrease in muscle mass [27, 28]. Our findings suggest that age may have a similar effect on

insulin resistance in pregnant women, which is worthy of further investigation in the future.

In the present study, the prevalence of GDM with FPG<92 mg/dL (5.1 mmol/L) increased

with age, suggesting that the need to use OGTT to diagnose GDM increases for pregnant

women with advanced ages. Therefore, we developed algorithm B in this study, which used an

“age plus FPG” cutoff. In algorithm B, age is expressed in years and FPG is expressed in mg/dl.

For example, a 35-year-old pregnant woman with FPG of 73 mg/dL (4.06 mmol/L) would be

recommended to receive a 75g OGTT because 35 plus 73 equals 108. In countries which use SI

units, FPG should be converted to conventional unit first. Algorithm B successfully reduced

the OGTT% further, compared with algorithm A in both the training and the validation

cohorts. The reductions in OGTT% by algorithm B were greater (11.0%-18.8%) when more

Table 5. Adjusted odds ratios (95% confidence interval) of gestational diabetes mellitus defined by algorithm A, B, or the IADPSG criteria to pre-

dict different pregnancy outcomes.

Algorithm A Algorithm B IADPSG

Maternal outcomes

Primary CS 1.09 (0.67–1.76) 1.04 (0.64–1.69) 1.01 (0.63–1.61)

CS 1.61 (1.08–2.40)* 1.74 (1.16–2.61)† 1.58 (1.07–2.33)*

PIH 3.85 (1.23–12.05)* 3.93 (1.25–12.32)* 3.47 (1.11–10.87)*

Preeclampsia 5.58 (1.74–17.91)† 5.44 (1.81–16.38)† 4.81 (1.60–14.43)†

Fetal outcomes

Preterm delivery 3.19 (1.90–5.36)‡ 3.25 (1.92–5.48)‡ 2.99 (1.80–4.98)‡

BW >90th percentile 2.00 (1.12–3.57)* 1.95 (1.09–3.51)* 1.71 (0.95–3.05)

Jaundice 0.83 (0.51–1.37) 0.89 (0.54–1.46) 0.87 (0.54–1.40)

Admission to NICU 0.09 (0.00–4.47) 0.09 (0.00–4.46) 0.09 (0.00–4.35)

Birth trauma 2.81 (0.51–15.59) 2.87 (0.51–16.03) 2.53 (0.46–14.00)

Neonatal hypoglycemia 0.81 (0.06–10.09) 0.81 (0.06–10.12) 0.74 (0.06–9.16)

Fetal death§ NA NA NA

* p<0.05.

† p <0.01.

‡ p <0.001.

Adjusted confounders include gestational week (adjusted for primary Cesarean section [CS], jaundice, admission to NICU, birth trauma, neonatal

hypoglycemia, fetal death), parity (adjusted for CS), history of pregnancy-induced hypertension (PIH) and history of preeclampsia (adjusted for PIH and

preeclampsia), history of macrosomia (adjusted for BW >90th percentile), maternal age and history of preterm delivery (adjusted for preterm delivery).

§ The only woman with fetal death outcome had GDM defined by either algorithm A, B or the IADPSG criteria.

IADPSG, the International Association of the Diabetes and Pregnancy Study Group; CS, Cesarean section; PIH, pregnancy induced hypertension; BW

>90th percentile, a birth weight above the gender-specific 90th percentile for gestational age; NICU, neonatal intensive care unit; NA, not applicable.

https://doi.org/10.1371/journal.pone.0173049.t005
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than 40% of the pregnant women were older than 35 years. In 2013, a report from 11 Mediter-

ranean countries used age, diastolic blood pressure, and FPG to construct a formula to predict

the probability of developing GDM [29]. The area under the ROC curve for this formula was

good (0.8876), which supports our findings. However, they did not clearly suggest an indica-

tion for an OGTT based on the formula, and the formula was complex, so the clinical applica-

tion was limited. To sum up, when most women become pregnant at a younger age (<35

years), a single FPG cutoff to exclude GDM is recommended and is a simple way to screen

GDM. However, with increasing proportion of pregnant women older than 35 years, an “age

plus FPG” cutoff to exclude GDM is recommended, especially when more than 40% of preg-

nant women are older than 35 years.

The strength of this study is that we included two cohorts for the analyses. Both the perfor-

mance of the algorithms and the effect of age were validated in the validation cohort, which

increases the generalizability of the findings. Besides, the algorithms to diagnose GDM proposed

in the present study are simple and practical, and can be used clinically. The simulation data fur-

ther extend the applicability of the algorithms. Third, the FPG cutoffs in the algorithms were

searched systemically, but were not decided arbitrarily, which makes the algorithms more reli-

able. By contrast, there are some limitations of this study. First, since this study enrolled only

Han Chinese pregnant women, the results may not be generalizable to other ethnic groups.

Indeed, Sacks et al. have reported that the percentage of GDM diagnosed by FPG criteria varied

in different centers and countries in the Hyperglycemia and Adverse Pregnancy Outcome

(HAPO) study. Further studies in different ethnic groups are warranted to investigate the impact

of age on FPG-based screening methods for GDM. Second, we used the IADPSG criteria to diag-

nose GDM in this study, so the findings may not be applicable to subjects for which different cri-

teria were used to diagnose GDM.

In conclusion, using FPG only to screen GDM, more women with GDM who become preg-

nant at an older age will be missed. A screening algorithm for GDM taking maternal age into

consideration can reduce the use of OGTT when more women become pregnant at an older

age.

Supporting information

S1 Table. Performance of algorithm A and B to screen gestational diabetes mellitus using

different cutoffs in the training cohort. FPG, fasting plasma glucose; GDM, gestational dia-

betes mellitus; OGTT, oral glucose tolerance tests; Sen, sensitivity; Spe, specificity; PPV, posi-

tive predictive value; NPV, negative predictive value; FPR, false positive rate; FNR, false

negative rate.

(DOC)

S2 Table. The relationship between different percentage of pregnant women older than 35

years (Percentage 35), cutoffs to exclude gestational diabetes mellitus, and the need of

Oral Glucose Tolerance Tests (OGTT%) using algorithms A and B. Percentage 35, percent-

age of pregnant women older than 35 years; OGTT%, the need of oral glucose tolerance tests;

NA, not applicable.

(DOC)

S1 Fig. Receiver Operating Characteristic (ROC) curves for Fasting Plasma Glucose (FPG)

only or “age plus FPG” to screen gestational diabetes mellitus in women with fasting

plasma glucose <92 mg/dL (5.1 mmol/L). Close circles, FPG only, area under the ROC

curve = 0.6654 (95% CI = 0.5988–0.7320); hollow squares, “age plus FPG”, area under the

ROC curve = 0.7145 (95% CI = 0.6540–0.7750). Comparing the two area under the ROC
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curves, p = 0.0103.

(TIF)

S2 Fig. The relationship between the percentage of pregnant women older than 35 years

and the percentage of women who received OGTT (OGTT%) by algorithm A and B. Algo-

rithm A used fasting plasma glucose (FPG) only and did not consider the effect of age; algo-

rithm B used age plus FPG to consider the effect of age. Cutoffs were determined to keep the

sensitivity of the whole population greater than 90% with the lowest OGTT%. OGTT, oral glu-

cose tolerance tests.

(TIF)

S1 File. The dataset underlying this research. BW, body weight; OGTT, oral glucose toler-

ance tests; HTN, hypertension; PIH, pregnancy induced hypertension; FPG, fasting plasma

glucose; 1hPG, 1-hour plasma glucose during OGTT; 2hPG, 2-hour plasma glucose during

OGTT; GDM, gestational diabetes mellitus; IADPSG, the International Association of the Dia-

betes and Pregnancy Study Group.

(XLSX)
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