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Abstract

OBJECTIVE: To estimate the independent effect of gestational impaired glucose tolerance, defined as a single abnormal oral glucose tolerance test value, on metabolic dysfunction at 3 years postpartum.

METHODS: We used multiple linear regression to measure associations between glucose testing during pregnancy and metabolic markers at 3 years postpartum in Project Viva, a prospective cohort study of maternal and infant health. We compared metabolic measures at 3 years postpartum among four groups: normal glucose challenge test (less than 140 mg/dL, n=461); abnormal glucose challenge test but normal glucose tolerance test (n=39); impaired glucose tolerance (a single abnormal glucose tolerance test value, n=21); and gestational diabetes mellitus (n=16).

RESULTS: Adjusting for age, race, parity, parental history of diabetes, and maternal body mass index at 3 years postpartum, we found women with gestational diabetes mellitus had lower adiponectin (11.2 ng/mL compared with 20.7 ng/mL) and higher homeostatic model assessments of insulin resistance (3.1 compared with 1.3) and waist circumference (91.3 cm compared with 86.2 cm) compared with women with impaired glucose tolerance or normal glucose tolerance. Women in both the impaired glucose tolerance and gestational diabetes mellitus groups had lower high-density lipoprotein (gestational diabetes mellitus 44.7 mg/dL; impaired glucose tolerance 45.4/dL compared with normal glucose tolerance 55.8 mg/dL) and higher triglycerides (gestational diabetes mellitus 136.1 mg/dL; impaired glucose tolerance 140.1 mg/dL compared with normal glucose tolerance 78.3) compared with women in the normal glucose tolerance group. We found the highest values for hemoglobin A1c (gestational diabetes mellitus 5.1%, impaired glucose tolerance 5.3%, normal glucose tolerance 5.1%) and high-sensitivity C-reactive protein (gestational diabetes mellitus 1.4 mg/dL, impaired glucose tolerance 2.2 mg/dL, normal glucose tolerance 1.0 mg/dL) among women with impaired glucose tolerance.

CONCLUSION: Gestational diabetes mellitus and impaired glucose tolerance during pregnancy are associated with persistent metabolic dysfunction at 3 years postpartum, independent of other clinical risk factors.

LEVEL OF EVIDENCE: II

Metabolic dysfunction causes substantial morbidity and mortality among women. Among women, pregnancy complications predict metabolic disease risk. Women with gestational diabetes have a 17% to 63% risk of development of noninsulin-dependent diabetes mellitus within 5 to 16 years of the index pregnancy,1 and recent studies have linked a history of gestational diabetes with cardiovascular risk.2,3

The diagnosis of gestational diabetes presumes a threshold value above which women are at increased risk for pregnancy complications; however, recent work shows that adverse pregnancy outcomes increase continuously with increasing fasting glucose Recent studies have linked gestational impaired glucose tolerance (IGT) with subsequent diabetes and cardiovascular disease risk.3,5–9 However, it is not known whether IGT during pregnancy predicts metabolic dysfunction independent of clinical risk factors such as body mass index (BMI, calculated as weight (kg)/[height (m)]2) and family history.

The aim of our study was to determine whether a history of gestational diabetes or gestational IGT is predictive of maternal metabolic dysfunction, independent of recognized clinical risk factors. We hypothesized that we would find a monotonic relationship between degree of gestational glucose in tolerance and metabolic dysfunction at 3 years postpartum. To test this hypothesis, we compared measures of metabolic dysfunction at 3 years postpartum among women with normal glucose tolerance, abnormal glucose challenge test results but normal glucose tolerance test (GTT) values, gestational IGT, or gestational diabetes in Project Viva, a prospective cohort study of maternal and infant health.
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MATERIALS AND METHODS

We performed an unplanned secondary analysis of participants in Project Viva, a longitudinal cohort study of maternal and child health.10 Women were recruited for Project Viva at their first prenatal visit at one of eight obstetrical offices of a multispecialty group practice in Eastern Massachusetts from 1999 to 2002. To be eligible for the study, potential participants were required to be fluent in English, less than 22 weeks of gestation at study entry, and to have a singleton pregnancy All participants provided written informed consent, and the Institutional Review Board of Harvard Pilgrim Health Care approved all procedures.

Obstetrical care providers assessed gestational glucose tolerance among women in our cohort according to the following guidelines. At 26 to 28 weeks of gestation, all women underwent a nonfasting 50-g oral glucose challenge test. Women with a result of 140 mg/dL or more underwent a 100-g oral GTT administered the morning after an overnight fast. Normal results were defined by Carpenter-Coustan criteria: fasting, less than 95 mg/dL; 1 hour, less than 180 mg/dL; 2 hours, less than 155 mg/dL; and 3 hours, less than 140 mg/dL. Gestational glucose tolerance was categorized as normal (glucose challenge test less than 140 mg/dL), abnormal glucose challenge test, normal GTT (glucose challenge test 140 mg/dL or more, GTT with no abnormal results), gestational IGT (glucose challenge test 140 mg/dL or more, GTT with only one abnormal result),8,11 or gestational diabetes (glucose challenge test 140 mg/dL or more and GTT with two or more abnormal results).

Women returned at 3 years postpartum for a physical examination that included anthropometric measurements and a blood sample. Methodology for anthropometric measures has been previously described elsewhere.12 We tested all blood samples (N=537) for hemoglobin A1c, sex hormone-binding globulin, C-reactive protein (CRP), and the adipokines leptin13 and adiponectin.14 We identified as fasting those participants who did not eat or drink anything other than water for 8 hours before blood samples were obtained (n=166). We tested fasting blood samples for insulin, glucose, total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, interleukin (IL)-6, ghrelin15 and Peptide YY (PYY).16 When we compared women who provided fasting samples with those who provided nonfasting samples, we found no differences in age, race, parity, family history of diabetes mellitus, gestational glucose tolerance, or in any outcome variables measured in both fasting and nonfasting participants. Laboratory methods for assessment of metabolic markers in this study have been previously described.12,17

Participants reported sociodemographic variables including parity, race or ethnicity, and personal history of type 1 or noninsulin-dependent diabetes mellitus at the initial study visit during prenatal care. They reported parental history of noninsulin-dependent diabetes mellitus at 3-year follow-up visit. Women missing data on study covariates were excluded.

We used analysis of variance and χ2 tests to measure bivariate associations between sociodemographic characteristics and gestational glucose tolerance. We used multiple linear regression to model the relation between gestational glucose tolerance category and metabolic markers at 3 years. Because BMI may have a nonlinear association with metabolic markers, we used linear, quadratic, and three-knot cubic spline models18 to adjust for maternal BMI 3 years postpartum, retaining the more complex model if the log likelihood ratio test had P<.05. Because inclusion of quadratic and three-knot quadratic spline terms did not improve model fit, we modeled BMI as a linear variable. We further adjusted for maternal age, race, parity, and parental history of noninsulin-dependent diabetes mellitus to ascertain the predictive role of gestational glucose tolerance-independent of clinical risk factors for metabolic disease. Adjustment for breastfeeding duration and weight change from prepregnancy to the 3-year visit did not materially change our results; therefore, they were excluded from our model.

The Sharpiro-Wilk test and visual inspection of regression residuals suggested that normality should not be assumed in several cases. Log transformation of Homeostasis Model Assessment of Insulin Resistance (HOMA-IR), insulin, sex hormone-binding globulin, triglycerides, CRP, and IL-6 improved normality of regression residuals. We present P values for the partial F test to assess the joint null hypothesis of equality across all of the glucose tolerance categories.19

To facilitate interpretation of the magnitude and clinical significance of differences among gestational glucose tolerance groups, we present results as predicted means and 95% confidence intervals (CIs) for the mean. We present unadjusted mean values and adjusted predicted mean values for participants of average postpartum BMI (26.2) who were white, aged 35 to younger than 40 years, had two children, and had no parental history of noninsulin-dependent diabetes mellitus. Data analyses were performed using SAS 9.2. Two-tailed P<.05 were considered statistically significant.
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RESULTS

Of 5,055 women screened for Project Viva, 4,208 were eligible and 2,670 enrolled (Fig. 1). Among the 2,128 Project Viva participants who gave birth, 1,579 met criteria for a 3-year follow-up examination with their children by virtue of completing a pregnancy dietary questionnaire and consenting for child follow-up. Of these women, 611 met criteria for the current analysis because they attended the 3-year visit, had not delivered another child since the birth of the index child 3 years previously, denied a diagnosis of type 1 or noninsulin-dependent diabetes mellitus early in the index pregnancy, and provided a blood sample. We excluded women with missing data for 3-year laboratory results (n=25), breastfeeding duration at 1 year (n=8), BMI at 3 years postpartum (n=14), or gestational glucose tolerance (n=27), leaving 537 women for analysis. At this 3-year visit, 166 women provided a fasting blood sample.

[image: Fig. 1]Fig. 1. Flow of patients through the current study, which is a secondary analysis of Project Viva, a longitudinal study of maternal and child health. *Eligibility requirements included singleton gestation, ability to answer questions in English, plans to remain in the area through delivery, and gestational age less than 22 weeks at initial prenatal clinical appointment.Fig. 1. Stuebe. Gestational Glycemia and Metabolic Risk. Obstet Gynecol 2011.



Glucose challenge test results were normal for 85.9% (n=461, 95% CI 82.9%–88.8%) of women in our cohort. Among the 76 women with a glucose challenge test result of 140 mg/dL or more, 39 had all normal values on the 100-g GTT, 21 had one abnormal value (IGT), and 16 met the diagnostic criteria for gestational diabetes. Maternal age, parity, BMI at 3 years postpartum, and race were similar among the glucose tolerance groups. Women with a parental history of noninsulin-dependent diabetes mellitus were more likely to have had gestational diabetes (Table 1).

[image: Table 1]Table 1. Baseline Characteristics of Study Population by Pregnancy Glucose Tolerance Category



Most women in our cohort gained weight from before the index pregnancy to the 3-year visit; the median weight gain was 2.2 kg (interquartile range −0.4 to 5.3 kg), and 26.5% (95% CI 22.8%–30.4%) of women had gained 5 kg or more during this interval. Most participants had normal glucose tolerance at 3 years postpartum by American Diabetes Association criteria.20 Among 535 women for whom HbA1c was obtained, 14 were at increased risk for diabetes (A1c 5.7%–6.4%) and one, with an A1c of 6.58%, met American Diabetes Association criteria for diabetes (A1c 6.5% or more). In addition, one participant self-reported a diagnosis of noninsulin-dependent diabetes mellitus. Among 164 women for whom fasting glucose was obtained, two had impaired fasting glucose (fasting plasma glucose 100–125 mg/dL) and none met criteria for diabetes (fasting plasma glucose more than 126 mg/dL).

As we hypothesized, women with both IGT and gestational diabetes had more adverse metabolic profiles than women with normal glucose challenge test results or with abnormal glucose challenge test results but normal values on the GTT. These patterns were similar in unadjusted models and in models adjusted for BMI at 3 years postpartum, parity, age, self-reported race, and parental history of diabetes (Tables 2, 3, and 4). Women with gestational diabetes had lower adiponectin and higher HOMA-IR and waist circumference compared with women with IGT or normal glucose tolerance (Fig. 2A; HOMA-IR gestational diabetes 2.7 compared with normal glucose tolerance 1.3; adiponectin gestational diabetes 13.1 ng/mL compared with normal glucose tolerance 21.2 ng/mL; waist circumference gestational diabetes 91.3 cm compared with normal glucose tolerance 86.2 cm; partial F test P<.05 for all models). Women in both the IGT and gestational diabetes groups had lower HDL and higher triglycerides compared with women in the normal glucose tolerance group (Fig. 2B; HDL gestational diabetes 44.7 mg/dL; IGT 45.4 mg/dL compared with normal glucose tolerance 55.8 mg/dL; partial F test P=.07; triglycerides gestational diabetes 136.1 mg/dL; IGT 140.1 mg/dL compared with normal glucose tolerance 78.3 mg/dL; partial F test P<.01). We had hypothesized that we would find a monotonic association between metabolic dysfunction and degree of glucose intolerance; however, we found the highest values for hemoglobin A1c and CRP among women with IGT (Fig. 2C; hemoglobin A1c gestational diabetes 5.1%, IGT 5.3%, normal glucose tolerance 5.1%, partial F test P<.01; high-sensitivity CRP gestational diabetes 1.4 mg/dL, IGT 2.2 mg/dL, normal 1.0 mg/dL, partial F test P<.01). We found no pattern of association between gestational glucose tolerance category and sex hormone-binding globulin, total cholesterol, fasting IL-6, leptin, ghrelin, or PYY (Tables 2, 3).

[image: Table 2]Table 2. Markers of Glucose and Lipid Homeostasis at 3 Years Postpartum by Gestational Glucose Tolerance Category



[image: Table 3]Table 3. Inflammatory Markers and Adipokines at 3 Years Postpartum by Gestational Glucose Tolerance Category
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[image: Fig. 2]Fig. 2. Mean predicted values for a white participant between 35 and less than 40 years of age with a body mass index (BMI) of 26.2 kg/m2 (the study population mean) who has two children and no parental history of diabetes. P values on graph are for partial F test. Adverse metabolic markers that differ with gestational diabetes mellitus (gestational diabetes) alone (column A), both gestational impaired glucose tolerance and gestational diabetes (column B), or gestational impaired glucose tolerance alone (column C) are shown. In each X-axis, A, B, C, and D represent the following groups: group A, glucose challenge test less than 140 mg/dL; B, glucose challenge test 140 mg/dL or more with normal oral glucose tolerance test (OGTT); C, glucose challenge test 140 mg/dL or more with one abnormal OGTT value; and D, gestational diabetes mellitus (gestational diabetes: two or more abnormal OGTT values). Predicted mean, 95% confidence limit of the mean, adjusted for BMI, age, race, parity, and parental history of diabetes mellitus. *P<.05 compared with normal glucose tolerance group.Fig. 2. Stuebe. Gestational Glycemia and Metabolic Risk. Obstet Gynecol 2011.
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DISCUSSION

In this community-based prospective cohort study, we found that both gestational diabetes and gestational IGT were associated with an adverse metabolic profile at 3 years postpartum, independent of BMI and parental history of diabetes.

Strengths of our study include its prospective assessment of gestational glucose tolerance and standardized assessment of 3-year outcomes. Nevertheless, our results must be interpreted within the context of the study design. Our population was healthy, resulting in low rates of gestational diabetes and IGT. Among the 91 women aged 30–39 years for whom we had data on waist circumference, blood pressure, serum lipids, and glucose, only five (5.5%, 95% CI 1.8–12.4%) met criteria for the metabolic syndrome compared with 15% of women in this age range in the general U.S. population.21 In addition, the number of participants with fasting blood samples limited power to detect subtle differences among glucose tolerance groups, and we were not able to define metabolic syndrome in the full cohort. Further studies in larger populations will be needed to validate our findings. Nevertheless, our study size is comparable to several other studies that have assessed metabolic markers among postpartum women with a history of gestational diabetes.2,22 We did not measure postglucose load insulin or glucose in our population; therefore, we were unable to compare indices of glycemia, insulin sensitivity, and β-cell function. Nevertheless, our study included postpartum measures of adiponectin, which is highly correlated with β-cell dysfunction during pregnancy23 and with 2-hour oral GTT in the postpartum period.24

Our results confirm and extend earlier work linking gestational glucose tolerance with an adverse maternal metabolic profile in later life. Several authors have reported an increased risk of IGT and noninsulin-dependent diabetes mellitus among women with abnormal glucose screening results in pregnancy in the setting of both normal oral GTT7 and one abnormal GTT result.5,6,9,25 Moreover, both IGT and gestational diabetes have been associated with the metabolic syndrome at 3 months postpartum.8 Other authors have reported associations between gestational diabetes and markers of metabolic dysfunction after pregnancy. At a mean of 2 years postpartum, Costacou et al22 reported adverse associations between history of gestational diabetes (n=22) and waist circumference, hemoglobin A1c, and HOMA-IR compared with women without a history of pregnancy complications (n=29). Heitritter et al2 similarly compared women with a gestational diabetes history (n=23) with normal controls (n=23) at a mean of 4 years postpartum. Women in the gestational diabetes group had higher diastolic blood pressure, mean arterial pressure, heart rate, fasting glucose, HOMA, triglycerides, CRP, IL-6, and plasminogen activator inhibitor-1 and lower adiponectin than women in the control group.

No studies to our knowledge have measured associations between IGT and low-density lipoprotein, inflammatory markers, or adipokines, or with other metabolic markers beyond 3 months postpartum. We found that women with IGT during pregnancy had elevations of triglycerides, hemoglobin A1c and CRP, as well as lower HDL, after adjustment for current BMI and parental history of diabetes. Women with a history of gestational diabetes had triglyceride and HDL levels that were similar to those with IGT, but they had higher HOMA-IR and waist circumference, as well as lower adiponectin levels.

These adverse profiles of intermediate markers among women with pregnancy dysglycemia imply increased risk for cardiovascular disease, which is consistent with findings in a recent population-based cohort study.3 In that study, compared with women who did not undergo glucose tolerance testing during pregnancy and therefore were presumed to have had normal glucose challenge test results, women with both IGT and gestational diabetes were more likely to experience cardiovascular events (IGT odds ratio 1.19, 95% CI 1.02–1.39; gestational diabetes odds ratio 1.66, 95% CI 1.30–2.13).

Compared with women with normal glucose testing during pregnancy, we found that women with a history of gestational glucose intolerance had unfavorable markers of glucose and lipid homeostasis and inflammation. These findings persisted with adjustment for current BMI, suggesting that normal or overweight women with a history of IGT may be at risk for metabolic dysfunction at 3 years postpartum. These women therefore may benefit from dietary changes, physical activity, or screening for metabolic syndrome. Current guidelines recommend screening women with a history of gestational diabetes for noninsulin-dependent diabetes mellitus.26,27

In conclusion, in a prospective study of maternal and infant health, we found that maternal gestational glucose intolerance and gestational diabetes were both associated with adverse metabolic profile at 3 years postpartum, independent of other clinical risk factors.
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§ Data preserted are mean precicte valuss. M\V-adjusted resuts are predicted means fo a wite paricpart aged 35to younger than 40 with a body mass index of 26.2, the study popuation mean,
ho has v children an no pareta history of ciabetes.
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Table 3. Inflammatory Markers and Adipokines at 3 Years Postpartum by Gestational Glucose Tolerance Category

0 Womma Rbrionmal GCT, | Gestational lmpaired | Gestational Diabetes 7
Nomal GTT Glucose Tolerance
Tiftarreatory markers
High-senstivity 460 39 2 16
CRP! (my/d)
53 0807-09) 060409 19t (-2 120624 <ot
Unadustsd
v 53 10084.3) 070511 220 (13-a7) 140826 <ot
adjusted
L6 (parm) 12 12 £ z
163 110842 160926 1004-25) 150733 4
Unadusted
Wv- 163 090741 120720 1104-26) 130631 38
adjusted
Adipolines
Lptin (no/ml) 456 39 2 16
&3 86@0-9.1) 100@1-119) 1070133 9565124 25
Unadustsd
v 531 830.7-89) 86(7.4-99 94077-110) 816299 56
adjusted
Ghreiin (pofml) 144 11 5 5
165 7601 (7176-8204) 6998 (5142-8854) 6938 (M1B5-9690) 4505 (19427346 16
Unadustsd
v 165 8198 (7396-899.7) 7624 (6030-9218)  6638(4308-896T) 52 ¢ (B06-818.5) 1
adjusted
Adiponectin (ng/ 457 39 2 16
)
533 207(19.9-21.5) 191 (16.4-21.7) 180 (144-21.7) 1.2 (71154 <001
Unadusted
- 53 220198-226) 194 (167-222) 192(156-227) 131 @073 <001
adjusted
PV (oiml) £ 12 g &
165 5.5 (55.4-61.7) 552 (45.8-66.5 518 (388-69.1) 71.3635-951) 2
Unadustsd

GCT, glucoss challenge tes; GTT, glucose tolerancetest; CRP, C.qeactive protein; MV, mulivaiable L, et PY, Peptices YY.
Deta are 1 o mean (95% confidence nterval) Unless ctherwise specifie

Precided vakies? fom muipl inear regressionmodels. Data rom 537 partcparts n Project Viva who preserted fo olloveup at 3 years postpattum wihout an ntervering birh

*Patial Ftest Pamorg categories.
1 Restits are geometric means.

$Effectestimate 05 compared vith normal glucoss tolerane group.

§ Data preserted are mean precicte values. W\V-adjusted resuts are precicted means fo a wite paricipart aged 3510 younger than 40 years wih a body mass ndex of 6.2, the study population
mean, who hastwo children an noparerta history ofdabetes.
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Screened for eligibilty
N=5,055

Eligile or Project Viva"
n=4,208

Tneiigble
=847

Declined
538

Enrolled
n=2670

Excluded: n=542
Muliple gestations: 19
Transfer of obstetic care: 115
No longer pregnant: 195
Wihdrow: 195
Lost to follow-up: 18

Live births
n=2,128
Excluded from visit al  years: n=549
Did not complote dietary.
228

Did not give consent or child's
follow-up: 321

Eligile or visit at 3 yoars.
n=1579

Excluded from current study: n=818
Did not attend 3-year vist 283
Interval birh: 526
Had Type 1 or Type 2 diabetes in

arly pregnancy: 9

Did not provide a blood sample.
150

Excluded: n74

Eligible for cu

rront analysis
a

Provided blood sample.
=611

No 3-year blood result 25

Missing data on breastiesding
Guration at 1 year: 8

Missing data on body mass index
a3 years postparium: 14

Missing gestational glucose
tolerance data: 27

Study sample
37
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Table 1. Baseline Characteristics

of Study Population by Pregnancy Glucose Tolerance Category

Normal (n=461) AbnormalGCT, Tmpaired Gicose Gestational Wissing Gestational P
Normal GTT (n=39) | Tolerance During Glucose
Pregnancy (n=21) Category* (n=28)
Wil at 3y posparium B 7055 2544 BES T8
vist (kg/n)
Age at 3y postpartum 715 3985 £ £ N 51
visit (y)
Race 45
Asian 18(82) 0 16 209 106
Aftican 68 (83) 5() 4@ 36 20
Ameiican
Hisparic 20 (74) 5013 26 0@ 36
Other 22(85) 00 0@ 1) 3012
Whits B[E) 2@ 1504 10 195
Party 78
1 131 (79) 1@ () 7@ 105
2 27 @) 17 (6) 104 6 1204
Jor more 112 80) 14310 504) 3@ 64
Parental istory Di 02
Yes 65 (74) 60 46 7@ 60
Mo 40583) 37 184 9 2@
Wissing Bl at 3y* 12
Yes 9 (60) 300 10 0@ 203
No 451 (82) 97 21 16(3) 265

GCT, glucose chllenge tes; GTT, glucose folerancetest, B body mass ndex; DM, ciabetes melltus.
Data are meanttandard deviaton of (%) nless fherwise specifed.

Deta fom 578 partidpants in Project VIva who presented for followup at 3 years postpartum wihott an inervering birh
*Paticipants missing preanancy glucoss tolerance (=27) or B ot 3 years (n=14) were excuded from the analysis.

+ Analysisof variance P br continuous variables, ° P for caegoricel variables.






