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Aims. This study is aimed at assessing the association of previously developed indices of glucose homeostasis derived from principal
component analysis (PCA) with parameters of insulin action, secretion, and beta cell function during pregnancy. Methods. In
this prospective longitudinal study, an oral glucose tolerance test was performed in sixty-seven pregnant women at two
prepartum (12+0 to 22+6 and 24+0 to 28+6) and one postpartum (2 to 11 months) visits. Three principal component scores
(PCS) were calculated based on measurements of glucose, insulin, C-peptide, age, and BMI to assess their association with
fasting and dynamic indices of insulin action, secretion, and β-cell function. Results. PCS1 was positively associated with
fasting and dynamic parameters of insulin sensitivity (Matsuda index: r = 0:93, p < 0:001), whereas a strong negative
association was observed for early, late, and total insulin response. PCS2 was associated with higher mean glucose but
negatively related to parameters of insulin secretion. PCS3 was significantly associated with fasting indices of insulin
sensitivity. PCS1 to 3 assessed at early pregnancy were also associated with development of GDM, whereby random forest
analysis revealed the highest variable importance for PCS1. PCS1 to 3 were significantly related to the oral disposition index
explaining 49.0% of its variance. Conclusions. PCS1 to 3 behaved similarly as compared to previous observations in
nonpregnant women and were furthermore associated with the development of GDM. These findings support our hypothesis
that PCS1 to 3 could be used as novel indices of glucose disposal during pregnancy.

1. Introduction

Since the Hyperglycemia and Adverse Pregnancy Outcome
(HAPO) study has illustrated a continuous relationship
between glucose levels measured during the oral glucose
tolerance test (OGTT) and adverse pregnancy outcomes
[1], the OGTT is gaining importance for the diagnosis of
gestational diabetes mellitus (GDM) [2]. However, the clin-

ical information obtained from this test can be notably
increased by the dynamic assessment of insulin and C-
peptide in addition to plasma glucose concentrations. For
this purpose, several indices have been developed to
describe the amount of insulin action and secretion, aimed
at providing more detailed information on glucose disposal
[3]. Recently, we introduced principal component analysis
(an unsupervised machine learning algorithm) as a novel
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approach to explain the dominant patterns of dynamic
OGTT measurements [4]. Thereby, three principal compo-
nents were identified which explained 71.5% of the total
variance of glucose, insulin, and C-peptide concentrations
measured during a 2 h OGTT at three to six months after
delivery. The subsequently calculated principal component
scores (PCS1 to PCS3) were closely related to parameters
of glucose disposal. In particular, PCS1 and PCS3 were
associated with dynamic and fasting indices of insulin sen-
sitivity, respectively, whereas PCS2 was shown to be associ-
ated with β-cell failure. All three principal component
scores were predictive for the later development of type 2
diabetes in women with a history of GDM, indicating that
those scores might be appropriate surrogates for glucose
metabolism and useful for risk stratification in the postpar-
tum period.

This study is aimed at evaluating the performance of
these novel indices during the gestational period by using
an independent study population. For this purpose, principal
component scores were calculated by using the eigenvectors
of our previous study to quantify their association with tradi-
tional parameters of glucose metabolism to gain further
insight into pathophysiologic processes as a primary objec-
tive. As a secondary objective and to give an outlook on a
potential future clinical application, their association with
development of GDM was examined.

2. Participants and Methods

2.1. Study Design and Participants. For this prospective lon-
gitudinal study, sixty-seven pregnant women (Caucasian:
n = 62, Asian: n = 4, and South American: n = 1) were con-
secutively recruited between June 2015 and September
2017. A broad characterization with anthropometric
parameters as well as detailed metabolic assessments was
performed between 12+0 and 22+6 weeks of gestation
(V1; mean: 18:1 ± 2:6 weeks) and repeated between 24+0
and 28+6 weeks of gestation (V2; mean: 26:4 ± 1:4 weeks)
as well as 2 to 11 months after delivery (V3; mean: 4:3 ±
3:1 month). Twenty-three women showed a positive family
history of type 2 diabetes (first or second degree). At each
visit, an OGTT was performed including measurements of
glucose, insulin, and C-peptide at fasting and every 30
minutes for 120 minutes following a 75 g oral glucose load.
Six women were diagnosed with GDM according to the
International Association of the Diabetes and Pregnancy
Study Groups (IADPSG) recommendations: f asting plasm
a glucose ≥ 5:1mmol/l or 1‐hour plasma glucose ≥ 10:0mm
ol/l or 2‐hour plasma glucose ≥ 8:5mmol/l following a 75 g
oral glucose load at 24 to 28 weeks of gestation [2]. Four
patients were diagnosed at V2. Two patients met the
IADPSG thresholds already at V1 and were classified as
GDM due to elevated self-monitored blood glucose levels
during follow-up. Patients with preexisting diabetes were
excluded. The study was approved by the Ethics Committee
of the Medical University of Vienna and performed in
accordance with the Declaration of Helsinki. All partici-
pants gave written informed consent.

2.2. Calculation of Principal Component Scores. PCS were cal-
culated as the product of two input matrices: A ×V = S. A is a
matrix of centred and standardized data of the actual mea-
surements of glucose, insulin (after log transformation),
and C-peptide (after square root transformation) as well as
age and BMI (after log transformation) and V is a matrix
containing the loadings of each variable on the first three
principal components, i.e., the matrix containing the eigen-
vectors derived from our previous publication [4]. To obtain
meaningful indices, the derived PCS were subsequently
rescaled by ðS + 100Þ/17, where S is the output matrix on
the original scale. The loading matrix V is provided as sup-
plemental material (Table S1). The original study included
151 women (110 with history of GDM and 41 with normal
glucose tolerance during gestation).

2.3. Calculation of Parameters of Glucose Homeostasis. In
addition, dynamic indices of insulin actionwere assessed from
OGTT data containing the oral glucose insulin sensitivity
index (OGIS), the Matsuda index (ISI-Matsuda), and Stum-
voll’s parameters ofmetabolic clearance rate (MCR) and insu-
lin sensitivity (ISI) [5–7]. The homeostasis model assessment
of insulin resistance (HOMA-IR) as well as the quantitative
insulin sensitivity check index (QUICKI) was used to examine
insulin sensitivity at fasting [8, 9]. Insulinogenic indices were
used to describe early (Sec-early: ΔI30-0/ΔG30-0), late (Sec-
late: AUCInsulin/AUCGlucose 60-120), and overall insulin
response to glucose (Sec-total: AUCInsulin/AUCGlucose 0-120)
during the OGTT [10] in addition to approximations of first-
(PH1) and second-phase insulin response (PH2) [6]. The
oral disposition index (ISSI-2) was calculated as the product
of ISI-Matsuda and AUCInsulin/AUCGlucose 0-120 to reflect the
extent to which β-cells can adapt to impaired insulin action.
Specific parameters describing different aspects of β-cell
function, such as glucose sensitivity (G-sens, representing
the mean slope of dose response of insulin release on glucose
levels at any time point during the OGTT), rate sensitivity
(rate-sens, representing early insulin release on the rate of
change of glucose concentrations), and total insulin release
from C-peptide (TIS), were additionally assessed [11].

2.4. Statistical Analysis. Categorical variables were summa-
rized by counts and percentages and compared by Pearson’s
Chi-squared test. Continuous variables were summarized by
means and standard deviations (SD). If single measurements
during the OGTT were missing (5 cases), multivariate impu-
tations by chained equations were used to estimate the miss-
ing values by the average of m = 50 complete data sets.
Appropriate data transformations such as square root or nat-
ural logarithm were applied to normalize the data if skewed
distribution was detected by descriptive analysis. Compari-
son of PCS between NGT and GDM women at the first visit
was performed by Welch’s t-test. Linear regression as well as
Spearman’s rank correlation was used to assess the associa-
tion between PCS and parameters of interest at different
visits. To account for correlated residuals, linear mixed
effects models were used. Univariable binary logistic regres-
sion was used to assess the association between PCS and
the development of GDM. Thereby, 95% confidence intervals
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(95% CI) were estimated by using the likelihood ratio statis-
tic. Moreover, random decision forests with ntree = 106
were created by the conditional inference framework (cfor-
est) to derive measures of variable importance as the average
difference in predictive accuracy before and after permuta-
tion of a predictor variable over all (i.e., one million) trees
[12, 13].

Statistical analysis was performed by R (V 3.5.1) and con-
tributing packages. p values ≤ 0.05 (two-sided) were consid-
ered statistically significant.

3. Results

3.1. Association of Principal Component Scores with
Parameters of Glucose Metabolism. A summary of the data
used for the calculations of the principal component scores
including age, BMI, and OGTT measurements is provided

in Table 1. PCS1 was positively associated with fasting and
dynamic indices of insulin sensitivity, whereas a strong neg-
ative association was observed for early to late and total insu-
lin response to glucose (Figures 1(a)–1(c)). In addition, we
observed a close negative association with mean glucose,
insulin, and C-peptide concentrations (Figure 1(a)). In con-
trast, PCS2 was associated with higher mean glucose but
(comparable to PCS1) inversely related to parameters of
insulin response as visualized in Figures 1(a) and 1(c).
PCS3 was inversely associated with fasting indices of insulin
sensitivity (Figure 1(a)). As a consequence, increased PCS1
was associated with improved β-cell function (b = 0:87,
95% CI 0.49 to 1.35), whereas an increase in PCS2
(b = −1:38, 95% CI -2.50 to -0.47) and PCS3 (b = −2:74,
95% CI -3.73 to -1.52) reflected a decrease of the oral dispo-
sition index (i.e., ISSI-2). This model explained 49.0% of the
ISSI-2 variance at V1, and comparable results were observed

Table 1: Data of the study sample used for calculating the principal component scores at 12+0 to 22+6 (V1), 24+0 to 28+6 weeks of gestation
(V2), and 2 to 11 months after delivery (V3).

n V1 n V2 n V3 p value§

Age (years) 67 29:8 ± 5:1 62 30:1 ± 4:8# 25 31:9 ± 5:4# <0.001
BMI (kg/m2)∗ 67 3:24 ± 0:18 57 3:31 ± 0:16# 23 3:22 ± 0:14 <0.001
BMI (kg/m2)† 67 26:0 ± 5:0 57 27:7 ± 4:6# 23 25:2 ± 3:4 <0.001
G0 (mg/dl) 67 76:8 ± 7:5 61 77:8 ± 9:3 23 83:0 ± 9:3# 0.003

G30 (mg/dl) 67 125:1 ± 25:5 59 129:7 ± 25:4 23 126:4 ± 21:8 0.181

G60 (mg/dl) 67 118:5 ± 33:4 59 131:9 ± 31:8# 23 110:4 ± 29:6 <0.001
G90 (mg/dl) 67 102:8 ± 29:6 59 114:5 ± 29:8# 23 91:9 ± 20:8 <0.001
G120 (mg/dl) 67 97:1 ± 24:5 59 102:7 ± 25:6 23 94 ± 18:0 0.055

I0 (μU/ml)∗ 67 1:84 ± 0:83 59 1:86 ± 1:04 23 1:00 ± 1:41# 0.001

I30 (μU/ml)∗ 67 3:62 ± 1:34 57 3:46 ± 1:57 23 3:00 ± 1:30 0.239

I60 (μU/ml)∗ 67 3:63 ± 1:24 57 3:63 ± 1:32 23 3:14 ± 1:09 0.157

I90 (μU/ml)∗ 67 3:29 ± 1:38 57 3:60 ± 1:28 23 3:04 ± 1:06 0.104

I120 (μU/ml)∗ 67 3:28 ± 1:35 57 3:50 ± 1:14 23 2:52 ± 1:04# <0.001
CP0 (ng/ml)∗∗ 67 1:30 ± 0:25 59 1:43 ± 0:27# 23 1:30 ± 0:27 <0.001
CP30 (ng/ml)∗∗ 67 2:48 ± 0:43 57 2:60 ± 0:50# 23 2:34 ± 0:34 0.015

CP60 (ng/ml)∗∗ 67 2:80 ± 0:53 57 3:10 ± 0:55# 23 2:62 ± 0:34 <0.001
CP90 (ng/ml)∗∗ 67 2:71 ± 0:59 57 3:06 ± 0:63# 23 2:59 ± 0:38 <0.001
CP120 (ng/ml)∗∗ 67 2:61 ± 0:61 57 2:94 ± 0:62# 23 2:47 ± 0:44 <0.001
QUICKI (dimensionless) 67 0:17 ± 0:03 59 0:17 ± 0:05 23 0:20 ± 0:07# 0.007

ISI-Matsuda (dimensionless)∗ 67 2:04 ± 0:81 57 1:94 ± 0:85 23 2:70 ± 0:88# <0.001
OGIS (ml/minm-2) 67 505 ± 85:1 57 481 ± 86:1 23 486 ± 60:9 0.086

TIS (nmol/m)∗ 67 3:70 ± 0:37 57 3:92 ± 0:35# 23 3:60 ± 0:29 <0.001
PCS1 67 5:90 ± 0:17 57 5:83 ± 0:15# 23 5:96 ± 0:11# <0.001
PCS2 67 5:87 ± 0:07 57 5:88 ± 0:09 23 5:91 ± 0:06 0.170

PCS3 67 5:88 ± 0:07 57 5:87 ± 0:06 23 5:91 ± 0:06# 0.032

Data are expressed asmeans ± standard deviations. BMI: body mass index. Values are given for glucose (G), insulin (I), and C-peptide (CP) for fasting as well as
30, 60, 90, and 120 minutes after oral glucose load. QUICKI: quantitative insulin sensitivity check index; ISI-Matsuda: Matsuda index; OGIS: oral glucose
insulin sensitivity index; TIS: total insulin secretion from C-peptide; PCS: principal component scores 1–3. ∗Log transformation (natural logarithm). †BMI
(original units). ∗∗Square root transformation. #p < 0:05 vs. V1. §Test for global hypothesis: V1 vs. V2 vs. V3.
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when all visits were analyzed together. These conclusions
remained constantly valid in a sensitivity analysis after
excluding five patients with non-Caucasian origin.

3.2. Differences between the Visits and Longitudinal
Evaluation. Correlation analyses for PCS1-PCS3 and param-
eters of glucose metabolism separated for each visit are pro-

vided in the supplemental material (Tables S2-S4). The
correlation was comparable between the visits, although it
is worth mentioning that the association between PCS3 and
fasting indices of insulin action (HOMA-IR and QUICKI)
was stronger after delivery. As shown in Table 1, PCS1 and
PCS3 levels changed during the study period (PCS1
decreased from V1 to V2 and increased after delivery, and
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Figure 1: Correlation map representing the amount of association of glucometabolic parameters with principal component scores (PCS1,
PCS2, and PCS3). Size of the circle and color intensity are proportional to the amount of correlation (dark color representing higher
Spearman’s correlation coefficient; positive = blue, negative = red) (a). Three-dimensional visualization of the association of the first two
principal components (PCS1 and PCS2) with insulin sensitivity (OGIS) (b) and insulin secretion (sqrt[AUC-I/AUC-G) (c).
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PCS3 increased after delivery), whereas no pregnancy-related
changes were observed for PCS2.

3.3. Association of Principal Component Scores with GDM
Development. Six incident cases of GDM were identified.
Demographic characteristics of GDM patients compared to
NGT patients are shown in Table 2. Univariable binary logis-
tic regression indicated that principal component scores
assessed at V1 (PCS1: OR 0.82, 95% CI 0.68 to 0.91, p <
0:001; PCS2: OR 1.18, 95% CI 1.05 to 1.37, p = 0:004; PCS3:
OR 1.14, 95% CI 1.00 to 1.32, p = 0:046; all ORs refer to an
increase of 0.01 score units) were significantly associated with
the development of GDM. A visualization of the association
between PCS 1-3 and GDM status is provided in the supple-
mental material (Figure S1). Random forest analysis revealed
higher variable importance for PCS1 as compared to
traditional risk factors (age and family history of type 2
diabetes) and other parameters of glucose metabolism
(fasting glucose, mean glucose during the OGTT, OGIS,
and TIS; Table 3). Lower variable importance metrics were
reported for PCS2 and PCS3. However, the limited number
of GDM cases should be considered when interpreting
these results.

4. Discussion

This study is aimed at assessing the performance of PCA-
derived novel indices of glucose metabolism during preg-
nancy, which were previously developed in postpartum
women with history of GDM, in terms of the extent of their
correlation with traditional fasting and dynamic parameters
of insulin resistance and secretion obtained fromOGTT data.
Thereby, three PCS were calculated by using the eigenvectors
as described in our previous publication [4]. The results
showed that all three indices PCS1 to 3 behaved similarly as
compared to our previous study in postpartum women [4]:
PCS1 showed close associations with various indices of insu-
lin sensitivity. Moreover, it was inversely related to parame-
ters of insulin secretion suggesting that it also embodies the
adaptation to impaired insulin action, which physiologically
occurs in normal glucose-tolerant individuals. PCS2 was also

inversely related to parameters of insulin secretion, but in
contrast to PCS1, this association was independent of insulin
action. Therefore, it is likely that this component rather
reflects β-cell dysfunction. The correlation between PCS3
and parameters of glucose metabolism was lower as com-
pared to PCS1 and PCS2; however, its positive association
with fasting insulin resistance as well as its inverse associa-
tion with the oral disposition index remained significant over
all visits. Of note, women who developed GDM showed
altered scores of PCS1 and PCS2 already at early gestation.
These findings support our hypothesis that PCS1 to 3 could
be used as indices of glucose disposal and GDM risk predic-
tion. Thereby, several advantages of PCS over more tradi-
tional indices of glucose metabolism need to be mentioned:
PCS are uncorrelated by concept, which is an important
aspect for clinical prediction models [14]. In addition, the
simultaneous estimation of insulin sensitivity and β-cell
function by one simple mathematical operation (i.e., product
of two matrices) is a further benefit of our method.

Recently, Wagner et al. found that traditionally used indi-
ces of insulin action like ISI-Matsuda and OGIS failed to cap-
ture the difference in insulin resistance between pregnant and
nonpregnant women and proposed an alternative index
based on BMI, insulin, and nonesterified fatty acids [15].
While this concept is of interest, the assessment of nonester-
ified fatty acids may be subject to additional costs and efforts
in routine clinical settings as compared to the more routinely
assessed fasting and dynamic glucose, insulin, and C-peptide
measurements during OGTT. In our longitudinal study,
PCS1 (which mainly reflects insulin sensitivity) decreased
during gestation and increased after delivery, suggesting that
this index, based on routinely measured parameters, ade-
quately reflects the expected changes in insulin action during
this period. In contrast, ISI-Matsuda and OGIS did not sig-
nificantly change from V1 to V2. One possible advantage of
PCS1 is that it incorporates the information of serial mea-
surements of C-peptide concentrations in addition to glucose
and insulin levels, which are traditionally used in most
empirical (e.g., ISI-Matsuda) and model-based indices of
insulin action (e.g., OGIS). Of note, C-peptide concentra-
tions have more constant peripheral clearance with higher

Table 2: Demographic characteristics of NGT subjects compared to GDM subjects.

n NGT n GDM p values

Age at enrollment (years) 61 29:08 ± 4:68 6 36:67 ± 4:63 <0.001
Primiparity (total/in % of n) 61 41/67.2 6 4/66.6 0.978

Prepregnancy BMI (kg/m2)∗ 61 3:14 ± 0:15 6 3:50 ± 0:28 <0.001
History of GDM (total/in % of n) 61 3/4.9 6 2/33.3 0.06

History of GDM (total/in % of n) in multiparous women 20 3/15.0 2 2/100.0 0.043

Family history with T2 diabetes (total/in % of n) 60# 20/33.3 6 3/50 0.413

G0 at V1 (mg/dl) 61 75:4 ± 5:6 6 91:2 ± 9:7 <0.001
G60 at V1 (mg/dl) 61 112:8 ± 29:0 6 176:3 ± 16:5 <0.001
G120 at V1 (mg/dl) 61 93:6 ± 22:2 6 134:4 ± 18:9 <0.001
Data are expressed as means ± standard deviations or counts and percentages of BMI: body mass index; NGT: normal glucose tolerance; GDM: gestational
diabetes mellitus; T2 diabetes: type 2 diabetes mellitus. G0, G60, and G120 are glucose values for fasting and 60 and 120 minutes after oral glucose load at
V1 (first visit, 12 to 22 weeks of gestation). ∗Natural log transformation. #One patient was adopted, family history not available.
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and more stable blood concentrations [16] and in contrast to
insulin levels showed an expected increase during gestation
(Table 1). PCS3 (which is much strongly related to fasting
levels than PCS1) increased after delivery, explainable by
physiologically lower fasting glucose concentrations during
pregnancy. Therefore, differences in the absolute values of
this score should be interpreted with caution especially when
pregnant and nonpregnant individuals are compared. How-
ever, it has to be mentioned that PCS3 was also significantly
associated with parameters of glucose disposal including
ISSI-2 at any time point in our study, suggesting that it
embodies relevant information on glucose metabolism inde-
pendently of both other scores as well.

We conclude that our novel indices could be useful for
the assessment of glucose disposal and GDM risk classifica-
tion during gestation. In line with our previous observations
in women after delivery, we identified PCS1 and PCS3 as
potential predictors for insulin action, whereby PCS3 rather
reflects insulin resistance at fasting condition (i.e., the
amount of hepatic insulin resistance). PCS2 mainly mirrors
β-cell dysfunction. Moreover, we found that our indices
assessed at early gestation were closely related to the develop-
ment of GDM. PCS1 in particular revealed a higher variable
importance as compared to other parameters. While this
study represents the first attempt to evaluate principal com-
ponent scores in the gestational period as possible indices
for impaired glucose metabolism, the restricted number of
study participants who developed GDM as well as the lack
of generalizability of our results to other ethnicities must be
noted as a limitation of this work. Thus, we emphasize to fur-
ther address the possible advantage of our proposed indices
in larger populations with different ethnic backgrounds.

Data Availability

Data are available from the corresponding author for
researchers who meet the criteria for access to confidential
data. Please contact Christian Göbl
christian.goebl@meduniwien.ac.at.

Additional Points

Novelty Statement. The present study is aimed at assessing
the performance of previously developed indices of glucose
homeostasis in pregnant women. Our results show that the
novel indices behave similarly as compared to our observa-
tions in women after delivery. Women who developed gesta-
tional diabetes showed altered indices already at early
gestation. Our findings support our hypothesis that our novel
indices, based on OGTT-derived measurements of glucose,
insulin, and C-peptide as well as age and BMI, could be used
for the assessment of glucose homeostasis and GDM risk pre-
diction during pregnancy.
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response to glucose; Sec-late: late insulin response to glucose;
Sec-tot: total insulin response to glucose; ISSI-2: disposition
index; G-sens: β-cell glucose sensitivity; rate-sens: rate sensi-
tivity; TIS: total insulin secretion from C-peptide. Table S3:
correlation of the principal component scores (PCS) with glu-
cometabolic parameters at 24+0 to 28+6 weeks of gestation
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suda: Matsuda index; OGIS: oral glucose insulin sensitivity
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phase insulin secretion; Sec-early: early insulin response to
glucose; Sec-late: late insulin response to glucose; Sec-tot:
total insulin response to glucose; ISSI-2: disposition index;
G-sens: β-cell glucose sensitivity; rate-sens: rate sensitivity;
TIS: total insulin secretion from C-peptide. Table S4: correla-
tion of the principal component scores (PCS) with glucome-
tabolic parameters 2 to 11 months after delivery (V3)
clearance rate; ISI: insulin sensitivity index; ISI-Matsuda:
Matsuda index; OGIS: oral glucose insulin sensitivity index;
PH1: first-phase insulin secretion; PH2: second-phase insulin
secretion; Sec-early: early insulin response to glucose; Sec-
late: late insulin response to glucose; Sec-tot: total insulin
response to glucose; ISSI-2: disposition index; G-sens: β-cell
glucose sensitivity; rate-sens: rate sensitivity; TIS: total insu-
lin secretion from C-peptide. Table S5: association with
development of GDM and variable importance index pro-
vided by random forest analysis. (Supplementary Materials)
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