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adverse pregnancy outcomes among women with gestational
diabetes: a prospective cohort study
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Summary
Background Continuous glucose monitoring (CGM) has shown potential in improving maternal and neonatal out-
comes in individuals with type 1/2 diabetes, but data in gestational diabetes mellitus (GDM) is limited. We aimed to
explore the relationship between CGM-derived metrics during pregnancy and pregnancy outcomes among women
with GDM.

Methods We recruited 1302 pregnant women with GDM at a mean gestational age of 26.0 weeks and followed them
until delivery. Participants underwent a 14-day CGM measurement upon recruitment. The primary outcome was
any adverse pregnancy outcome, defined as having at least one of the outcomes: preterm birth, large-for-
gestational-age (LGA) birth, fetal distress, premature rupture of membranes, and neonatal intensive care unit
(NICU) admission. The individual outcomes included in the primary outcome were considered as secondary
outcomes. We conducted multivariable logistic regression to evaluate the association of CGM-derived metrics
with these outcomes.

Findings Per 1-SD difference in time above range (TAR), glucose area under the curve (AUC), nighttime mean blood
glucose (MBG), daytime MBG, and daily MBG was associated with higher risk of any adverse pregnancy outcome,
with odds ratio: 1.22 (95% CI 1.08-1.36), 1.22 (95% CI 1.09-1.37), 1.18 (95% CI 1.05-1.32), 1.21 (95% CI
1.07-1.35), and 1.22 (95% CI 1.09-1.37), respectively. Time in range, TAR, AUC, nighttime MBG, daytime MBG,
daily MBG, and mean amplitude of glucose excursions were positively associated, while time blow range was
inversely associated with the risk of LGA. Additionally, higher value for TAR was associated with higher risk of
NICU admission. We further summarized the potential thresholds of TAR (2.5%) and daily MBG (4.8 mmol/L) to
distinguish individuals with and without any adverse pregnancy outcome.

Interpretation The CGM-derived metrics may help identify individuals at higher risk of adverse pregnancy outcomes.
These CGM biomarkers could serve as potential new intervention targets to maintain a healthy pregnancy status
among women with GDM.
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Research in context

Evidence before this study

The usage of continuous glucose monitoring (CGM) may help
improve maternal and neonatal outcomes among patients
with type 1/2 diabetes. However, acceptable and achievable
CGM targets for women with gestational diabetes mellitus
(GDM) are lacking owing to the lack of corresponding
evidence. We searched PubMed up-to January 5, 2023 for
studies investigating associations between CGM-derived
metrics and pregnancy outcomes among women with GDM,
using the search terms “gestational diabetes mellitus”,
“continuous glucose monitoring”, “CGM metrics”, and
“pregnancy/birth outcomes”, without any applied restrictions.
Only four related papers were found, with a sample size of less
than 200 for all studies and relatively short duration of CGM
recording.

Introduction

Gestational diabetes mellitus (GDM) prevalence is
increasing globally, especially in Asian countries,
where the prevalence has reached 20.8% in 2021.' Pa-
tients with GDM tend to have higher risk of several
adverse pregnancy and birth outcomes, such as hy-
pertension (or preeclampsia),” macrosomia,’ and pre-
term birth.* Thus, it is essential for the patients to
manage their glycemic status during pregnancy to
minimize the adverse pregnancy consequences. Yet,
our current knowledge about how the glycemic dy-
namics during pregnancy affect the pregnancy out-
comes is still lacking, which prevents the development
of precision intervention strategies to alleviate the in-
fluence of GDM status on the pregnancy or birth
outcomes.

The emerging continuous glucose monitoring
(CGM) technique makes it possible to capture dynamic
glucose profiles, including postprandial glucose
response, hyperglycemia, hypoglycemia, and glycemic
variability, which is useful for blood glucose manage-
ment.” Several preliminary studies have explored the
relationships between CGM-derived glycemic metrics
and pregnancy outcomes.”* However, these studies had
relatively small sample size (<200) and the CGM
recording durations (24-72 h) were relatively short,**
which limited a comprehensive assessment of the rela-
tionship between glycemic metrics and pregnancy out-
comes. Conducting a large cohort study is imperative to
characterize the association of glycemic dynamics and
variability with pregnancy outcomes, particularly among

Added value of this study

To the best of our knowledge, the present study is the largest
study with 14-day CGM wearing among patients with GDM
during their pregnancies, which shows significant association
of diverse CGM-derived metrics with various pregnancy
outcomes. Meanwhile, we illustrate potential thresholds of
time above range and daily mean blood glucose for women
with GDM to distinguish individuals with and without adverse
pregnancy outcomes.

Implications of all the available evidence

These findings fill the gap of evidence from large prospective
cohort, suggesting that CGM-derived metrics of
hyperglycemia status and mean blood glucose are potential
biomarkers of common adverse pregnancy outcomes among
women participants with GDM.

women with GDM, given its significant clinical
implications.

Therefore, in the present study, we aimed to examine
the association of CGM-derived diverse glycemic met-
rics over 14 days with any of the selected major adverse
pregnancy outcomes among more than 1000 partici-
pants with GDM. We also tended to figure out optimal
cut-offs of CGM-derived metrics for women with GDM
to maintain a healthy pregnancy status and improve
maternal and neonatal outcomes.

Methods

Study design and population

The present study was based on the Westlake Precision
Birth Cohort study (WeBirth, ClinicalTrials.gov identi-
fier: NCT04060056), which is an ongoing prospective
birth cohort study, recruiting pregnant women with
hyperglycemia from the Hangzhou Women’s Hospital
(Hangzhou Maternity and Child Health Care Hospital)
in China since August 2019.° Briefly, the WeBirth
included pregnant women with the following condi-
tions: i) aged >18 years and diagnosed with GDM, with
a gestational age mainly ranging from 24 to 28 weeks; ii)
intended to deliver at Hangzhou Women’s Hospital and
remain in Hangzhou with their child for >4 years.
Meanwhile, pregnant women with cancers or other
serious medical disorders were excluded. A standard 2-h
75 g oral glucose tolerance test was performed at 24-28
weeks’ gestation in all women. We adopted the Inter-
national Association of Diabetes and Pregnancy Study
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Groups (IADPSG) criteria for GDM diagnosis (fasting
plasma glucose [FPG] >5.1 mmol/L, and/or 1-h plasma
glucose >10.0 mmol/L, and/or 2-h plasma glucose
>8.5 mmol/L)."* Overt diabetes in pregnancy (DIP) was
considered as a subgroup of GDM, with more severe
hyperglycemia (FPG >7.0 mmol/L, and/or glycated he-
moglobin [HbAlc] >6.5%, and/or random plasma
glucose >11.1 mmol/L + confirmation of FPG
>7.0 mmol/L or HbAlc >6.5%)." The study protocol
was approved by the Ethics Committee of Westlake
University (20190701ZJS0007). Written informed con-
sent was obtained from each participant. Up to October
2022, 1709 participants were included in the cohort.

At enrollment, participants were asked to complete
several interviewer-administered questionnaires to
collect information on demographics, lifestyle, physical
activity, medical histories, and health status before and
during pregnancy. We collected the information on
physical activity of the participants using the Pregnancy
Physical Activity Questionnaire (PPAQ)." According to
the instruction of the PPAQ, the self-reported time
spent in each activity was multiplied by its intensity to
arrive at a measure of average daily energy expenditure
(MET-h/day) attributable to each activity. We summed
up energy expenditure of all activities for each partici-
pant to obtain the variable of physical activity (contin-
uous). A CGM device (Freestyle Libre Pro; Abbott,
Abbott Park, IL, USA) was used to monitor 14-day
continuous glucose of each participant. The CGM
sensor continuously monitors interstitial glucose con-
centrations and reads the values every 15 min. CGM
readings were blind to participants during wearing. The
CGM summary report was given to them after 14 days.
In the present analysis, we excluded individuals with the
following conditions: i) without valid CGM recordings
(n = 176) or without follow-up data on pregnancy out-
comes (n = 144); ii) with history of cancers (n = 12),
pregnancies ended with stillbirth (n = 1) or deformities
(n =5), diagnosed with DIP (n = 24), or multiple preg-
nancy (n = 24); iii) without data of pre-pregnancy body
mass index (BMI), education, or physical activity
(n = 21). Finally, a total of 1302 participants were
included in this study (Fig. 1). The definition of valid
CGM data was described in the paragraph about CGM
data preprocessing.

Data collection of traditional glycemic traits

Blood samples were collected at baseline. Plasma
glucose level was quantified using the Beckman Coulter
AU5800 Clinical Chemistry Analyzer. HbAlc was
measured by the Sebia CAPILLARYS 2 Flex Piercing
(Cap 2FP; Sebia, Lisses, France).

CGM profiling and glycemic metrics extraction

Each participant was asked to wear a masked CGM de-
vice on the back of the upper arm to monitor 14-day
interstitial fluid glucose. Individuals were excluded if
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their CGM recordings were <72 h. To rule out potential
influence of unstable readings, we excluded CGM
readings of: i) the first and last two incomplete days; ii)
readings of the first 24 h in the remaining data after
performing the previous step; and iii) days with extreme
time spent below target range 3.5 mmol/L (TBR, >99th
percentile). The remaining CGM recordings were
considered as valid CGM data. Finally, we included
more than 1.3 million glucose measurements among
1302 individuals for further analyses with an average of
1040 + 219 measurements per person. The total valid
person-time of CGM recordings was 14,101 + 2968
person-days.

Time in range (TIR) was defined as the percentage of
time that glucose levels fell within the target range of
3.5 mmol/L and 7.8 mmol/L over 24 h, with time above
range (TAR) representing the percentage of time above
the target range and TBR representing the percentage of
time below the target range. Mean of continuous blood
glucose (MBG) during nighttime (between 00:01 am
and 06:00 am) and daytime (between 06:01 am and
24:00 pm) was considered as nighttime MBG and day-
time MBG, respectively. Daily MBG was referred to the
mean blood glucose level over a 24-h period. We
calculated the total glucose area under the curve (AUC)
to quantify glycaemia dynamics during the recording
period. Mean amplitude of glucose excursions (MAGE)
was an essential index for glycemic variability assess-
ment. MAGE was characterized as arithmetic mean of
the differences between consecutive amplitudes whose
magnitudes were higher than one standard deviation
from the mean in 24 h, which was calculated using the
R package Continuous Glucose Monitoring Time Series
Data Analysis (CGMTSA)."? Coefficient of variation (CV)
was calculated as the ratio of the standard deviation (SD)
to the mean of glucose measurements. To take the
random errors into account, we calculated the CGM-
derived metrics for each day and then obtained the
average CGM-derived metrics for all days of each
participant for further statistical analyses.

Pregnancy outcomes

The primary outcome of the present study was any of
the selected major adverse pregnancy outcomes, defined
as having at least one of the following conditions: pre-
term birth, large-for-gestational-age birth (LGA), fetal
distress, premature rupture of membranes (PROM),
and neonatal intensive care unit (NICU) admission. The
secondary outcomes included aforementioned five in-
dividual adverse pregnancy outcomes. Preterm birth
was referred to the condition of gestational age <37
weeks at birth, including spontaneous and medically
indicated preterm birth. SGA and LGA were defined as
gender- and gestational age-adjusted birth weight of
newborns less than 10th percentile and greater than
90th percentile, respectively.” The remained birth
weight was appropriate for gestational age (AGA). Fetal
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Fig. 1: Flowchart of analysis sample selection. Abbreviations: WeBirth, Westlake Precision Birth Cohort; GDM, gestational diabetes mellitus;

CGM, continuous glucose monitoring; BMI, body mass index.

distress was a syndrome of fetal hypoxia and/or acidosis
in the womb, which was defined as having at least one of
the following conditions: 1) non-reassuring patterns
seen on cardiotocography, with tachycardia and brady-
cardia (especially during and after a contraction), late
decelerations or decreased variability in the fetal heart
rate (<110 times/min); 2) umbilical arterial blood gas
analysis, PH < 7.2; 3) meconium contamination of the
amniotic fluid in labour; and 4) a 1 min Apgar score
<7."* PROM was defined as rupture of the membranes
(amniotic sac) before the onset of labour.”

Statistical analysis

We performed the Wilcoxon-Mann—Whitney test to
compare differences in CGM-derived metrics between
participants with and without any of our defined major
adverse pregnancy outcomes. Generalized additive
model (GAM) was employed to estimate the relationship
between HbA1c and CGM-derived metrics, adjusted for

maternal age (continuous), gestational age at baseline
(continuous), pre-pregnancy BMI (continuous), and
physical activity (continuous). For our primary analyses,
we performed logistic regression analysis to estimate
the odds ratio (OR, 95% confidence intervals [CI]) of any
adverse pregnancy outcome per SD change in each of
the CGM-derived biomarker (i.e., TIR, TAR, TBR, AUC,
nighttime MBG, daytime MBG, daily MBG, MAGE, and
CV), with model 1 as crude model, and model 2
adjusted for maternal age, pre-pregnancy BMI, gesta-
tional age at baseline, parity (primiparity, multiparity),
education (<high school or vocational school, university
or professional school, >university), and physical activ-
ity. To account for multiple testing, false discovery rate
(FDR) was calculated using Benjamini—-Hochberg
method. For secondary outcomes, we re-ran the above
logistic regression analysis to examine the association of
the aforementioned CGM-derived parameters with five
individual outcomes (preterm birth, LGA, fetal distress,
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PROM, and NICU admission), adjusted for the same list
of covariates of above model 2. FDR was calculated for
the analysis of each secondary outcome.

For these identified outcomes with significant asso-
ciations, we further evaluated the model performance by
calculating the receiver operating characteristic (ROC)
area under the curve (AUC). We displayed the cut-offs of
CGM-derive metrics with the highest Youden’s index.
Furthermore, we compared the performance of CGM-
derived metrics and traditional glycemic biomarkers
for predicting these identified outcomes using two kinds
of prediction models, logistic regression model and
random forest model. The traditional glycemic bio-
markers included HbAlc and OGTT glucose (i.e., fast-
ing, 1-h and 2-h glucose). Considering the application
and generalizability in clinical practice, we estimated the
absolute risk for those adverse pregnancy outcomes
showing significant relationships with daily MBG, as the
percentage of women with adverse outcomes within
each daily MBG categories (every 5 mg/dl). We also
assessed associations of daily MBG in 5 mg/dl units
with those adverse pregnancy outcomes using logistic
regression adjusted for the same list of covariates of
above model 2.

As sensitivity analysis, we additionally included
gestational weight gain (continuous), diabetes treatment
(ves/no), and HbA1lc at baseline (continuous) to the lo-
gistic regression in addition to the covariates of above
model 2, to estimate associations of CGM-derived met-
rics with adverse pregnancy outcomes. We also inves-
tigated relationships of different categories of CGM-
derived metrics (by tertile, or by the clinically rele-
vance threshold) with the outcomes. Due to the lack of
evidence on CGM targets for women with GDM in
pregnancy, here we tentatively applied the target values
of TAR and TBR for type 2 diabetes to categorized these
two metrics into binary variables: 5% for TAR, and 4%
for TBR, ' conjoining the distributions of TAR and TBR
among our participants (Table 1). Logistic regression
analysis was performed to estimate ORs (95% CI) of
adverse pregnancy outcomes (i.e., any adverse preg-
nancy outcome, preterm birth, LGA, fetal distress,
PROM, and NICU admission) by tertile or by the above
binary thresholds of TAR and TBR, adjusted for poten-
tial confounders including maternal age, pre-pregnancy
BMI, gestational age at baseline, parity, education, and
physical activity.

According to birth weight, we further classified all
the participants into three groups, AGA, LGA, and
SGA. We performed multinomial logistic regression to
explore association of CGM-derived metrics with LGA
and SGA using the AGA group as the reference,
adjusted for maternal age, gestational age at baseline,
parity, education, and physical activity. As pregnant
women may have different metabolic status, depending
on pre-pregnancy overweight status,'” we categorized
participants into three groups based on their
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pre-pregnancy BMI, as recommended by the Working
Group on Obesity in China: ‘Underweight’ (pre-preg-
nancy BMI <18.5 kg/m?), ‘Normal’ (18.5 kg/m*< pre-
pregnancy BMI <24 kg/m?), and ‘Overweight/obese’
(pre-pregnancy BMI >24 kg/m?).”* We did subgroup
analysis to examine the association of CGM-derived
biomarkers with our primary outcome (i.e., any
adverse pregnancy outcome) stratified by the pre-
pregnancy BMI categories using logistic regression
models, adjusted for maternal age, gestational age at
baseline, parity, education, and physical activity. To
assess potential interaction of CGM-derived bio-
markers with pre-pregnancy BMI, we also added a
cross-product term in the above model, and nominal p
for interaction <0.05 was considered as statistically
significant. We did not perform further subgroup
analysis for our secondary outcomes due to limited
number of cases in the pre-pregnancy BMI stratified
analysis. All statistical analyses were performed using
Stata 15.0 or R version 4.0.4.

Role of the funding source
The funders were not involved in any part of the conduct
of this study or in the decision to submit this work.

Results

Population characteristics

The mean age of our participants at recruitment was
31.2 + 3.7 years, with gestational age of 26.0 + 1.9 weeks
and pre-pregnancy BMI of 22.1 + 3.5 kg/m? on average
(Table 1). More than half of the women (66.5%) were
primiparous. Our primary outcome of any adverse
pregnancy outcome occurred in 39.2% (512/1302) of the
participants, with the prevalence of individual outcomes:
preterm birth, LGA, fetal distress, PROM, and NICU
admission being 5.0%, 11.1%, 8.1%, 20.0%, and 9.1%,
respectively. Individuals with at least one of the above
pregnancy outcomes had higher levels of CGM-derived
AUC, nighttime MBG, daily MBG, and daytime MBG
(Fig. S1). We displayed the estimated CGM-derived
metrics (including TIR, TBR, TAR, AUC, nighttime
MBG, daytime MBG, daily MBG, MAGE, and CV)
plotted against HbAlc using GAM model (Fig. S2). All
CGM-derived metrics, except for TBR, exhibited a pos-
itive correlation with HbAlc.

Associations of CGM-derived glycemic features
with adverse pregnancy outcomes

After adjusting for potential confounders and multiple
testing correction, our results suggested that per 1-SD
change in TAR, AUC, nighttime MBG, daytime MBG,
and daily MBG was significantly (FDR <0.05) associated
with increased risk of our primary outcome: any adverse
pregnancy outcome, with OR: 1.22 (95% CI 1.08-1.36),
1.22 (95% CI 1.09-1.37), 1.18 (95% CI 1.05-1.32), 1.21
(95% CI 1.07-1.35), and 1.22 (1.09-1.37) in the model 2,
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<High school or vocational school 140/1302 (10.8%)
968/1302 (74.3%)

194/1302 (14.9%)

University or professional school
>University
Household income, ¥/year

Total Any adverse pregnancy outcome
No Yes

No. of participants 1302 (100%) 790 (60.7%) 512 (39.3%)
Age, years 312 (3.7) 313 (3.7) 31.0 (3.6)
Gestational age at baseline, weeks 22.1 (3.5) 21.9 (3.6) 223 (3.5)
Pre-pregnancy BMI, kg/m’ 26.0 (1.9) 26.0 (1.9) 26.0 (1.8)
Primiparity 866/1302 (66.5%) 510/790 (64.6%) 356/512 (69.5%)
Education

<100,000 281/1302 (21.6%)

100,000-200,000 465/1302 (35.7%)

200,000 471/1302 (36.2%)

Unclear 85/1302 (6.5%)
Smoking

Never smokers 1249/1302 (96.1%)

Ex-smokers 51/1302 (3.9%)
Current drinking 35/1302 (2.7%)
Physical activity, MET-h/day 19.5 (8.0)

OGTT glucose, mmol/L

Fasting 8 (0.5)

1-h 9 (1.6)

2-h 4 (15)
HbA1c, % 0 (0.3)
CGM-derived metrics

TIR, % 928 (85.4, 96.7)

TAR, % 1(03, 2.6)

TBR, % (o 9,12.3)

AUC, mmol/L-h 112.8 (105.0, 120.6)

Nighttime MBG, mmol/L 1 (3.7, 4.4)

Daytime MBG, mmol/L (46 5.3)

Daily MBG, mmol/L 7 (4.4, 5.1)

MAGE, mmol/L 3 (1.9, 27)

v, % 20.1 (17.4, 23.0)

Abbreviations: BMI, body mass index; MET, metabolic equivalent; OGTT, oral glucose tolerance test; HbAlc, glycated hemoglobin; CGM, continuous glucose monitoring;
TIR, time in range; TAR, time above range; TBR, time below range; AUC, glucose area under the curve; MBG, mean blood glucose; MAGE, mean amplitude of glucose

excursions; CV, coefficient of variation; SD, standard deviation; IQR, interquartile range; NICU, neonatal intensive care unit. “Data are mean (SD) for normally distributed
continuous variables, medium (IQR) for skew distributed continuous variables, and n/total (%) for categorical variables. Any adverse pregnancy outcome was defined as the
prevalence of at least one of the following conditions: preterm birth, large-for-gestational-age birth, fetal distress, premature rupture of membranes, and NICU admission.

59/512 (11.5%)
379/512 (74.0%)
74/512 (14.5%)

81/790 (10.3%)
589/790 (74.6%)
120/790 (15.2%)

186/790 (23.5%) 95/512 (18.6%)
274/790 (34.7%) 191/512 (37.3%)
279/790 (35.3%) 192/512 (37.5%)

51/790 (6.5%) 34/512 (6.6%)

765/790 (97.0%)

( 484/512 (94.7%)
24/790 (3.0%)

(

(7.

(
27/512 (5.3%)

(

@8

19/790 (2.4%) 16/512 (3.1%)

19.8 (7.9) 19.1 (8.2)
4.8 (05) 4.9 (0.5)
9.8 (1.6) 9.9 (1.6)
8.4 (1.4) 8.5 (1.6)
5.0 (03) 5.0 (03)
92.8 (85.2, 96.7) 92.8 (85.7, 96.7)
0 (0.3, 2.5) 12 (03, 3.0)
5 (1.0, 12.8) 3.4 (0.8, 11.3)
111.9 (104.6, 119.6) 114.2 (106.2, 122.7)
037 44) 4.1 (3.8, 4.5)
9 (4.6, 5.2) 5.0 (4.6, 5.4)
7 (4.4, 5.0) 4.8 (45,52)
3 (1.9, 2.6) 23 (19, 2.7)
202 (17.5, 22.8) 20.0 (17.4, 23.3)

Table 1: Characteristics of the study population: Westlake precision birth cohort study.”

respectively (Fig. 2). The results were consistent across
model 1 and 2 (Table S1).

For the individual pregnancy outcomes, after
adjusting for potential confounders and multiple testing
correction, we found multiple significant associations
between CGM-derived metrics and the risk of LGA and
NICU admission (Fig. 2). Participants with higher level
of TIR (per 1-SD, OR 1.30; 95% CI 1.05-1.61), TAR (OR
1.36; 95% CI 1.19-1.56), AUC (OR 1.60; 95% CI
1.35-1.90), nighttime MBG (OR 1.54; 95% CI
1.30-1.83), daytime MBG (OR 1.51; 95% CI 1.27-1.79),
daily MBG (OR 1.60; 95% CI 1.35-1.91), and MAGE

(OR 1.20; 95% CI 1.01-1.42) had a higher risk of LGA.
Contrarily, per 1-SD change in TBR was associated with
lower risk of LGA (OR 0.62; 95% CI 0.48-0.80). We also
found that individuals with higher level of TAR were at
greater risk of NICU admission (per 1-SD, OR 1.24;
95% CI 1.07-1.44).

Potential thresholds of CGM-derived metrics for
women with GDM

According to the significant results of logistic regression
(Fig. 2), we further illustrated the performance of TAR
and daily MBG for predicting adverse outcomes (i.e.,

www.thelancet.com Vol 39 October, 2023
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TIR e 0-99 (0-88 to 1-11) ol 0-93 (0-77 to 1-13)
TAR o 122 (1-08t0 1-36) * H o — 1-08 (0-90 to 1-30)
TBR e 0-96 (0-85 to 1-07) —o— 1-05 (0-86 to 1-28)
AUC o 122 (1-09to 1-37) * —o— 1-09 (0-88 to 1-33)
Nighttime MBG o 118 (1-05t0 1-32) * —He— 1-07 (0-87 to 1-32)
Daytime MBG = o 1-21 (1-07 to 1-35) * He— 1-10 (0-90 to 1-35)
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Fig. 2: Associations of CGM-derived features with pregnancy outcomes. Forest plot presents the ORs (95% Cl) of any adverse pregnancy
outcome or each individual pregnancy outcome per standardized change of CGM-derived metrics (in SD unit). The case number of each
outcome and the number of total participants were annotated as “(case/total)”. False discovery rate (FDR) was corrected based on Benjamini-
Hochberg method. *FDR <0.05. Any adverse pregnancy outcome was defined as the prevalence of one or more of the following conditions:
preterm birth, LGA, fetal distress, PROM, and NICU admission. Abbreviations: CGM, continuous glucose monitoring; OR, odds ratio; Cl, con-
fidence interval; TIR, time in range; TAR, time above range; TBR, time below range; AUC, glucose area under the curve; MBG, mean blood
glucose; MAGE, mean amplitude of glucose excursions; CV, coefficient of variation; LGA, large for gestational age; PROM, premature rupture of

fetal membranes; NICU, neonatal intensive care unit.

any adverse pregnancy outcome, LGA, and NICU
admission). The cut-off value of TAR with the best
discrimination accuracy were 1.9% for LGA, 1.2% for
NICU admission, and 2.5% for any adverse pregnancy
outcome (Fig. 3A). The best threshold of daily MBG for
preventing LGA and any adverse pregnancy outcome
were <4.5 mmol/L and <4.8 mmol/L, respectively

www.thelancet.com Vol 39 October, 2023

(Fig. 3A). Meanwhile, we found the performance of
CGM-derived metrics were generally better than that of
the traditional glycemic traits for predicting these three
outcomes mentioned above (Table S2). As daily MBG
was significantly associated with adverse pregnancy
outcome and LGA, further analysis showed that the
absolute risks for these two outcomes increased across
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Fig. 3: Potential cutoffs of CGM-derived metrics for women with GDM. (A) ROC curves show the performance of TAR or daily MBG for
predicting LGA, NICU admission or any adverse pregnancy outcome. AUC (95% Cl) and optimal threshold of CGM-metric in each model were
presented. The optimal threshold was determined by maximizing the Youden index. (B) Absolute risk was calculated as (No. of women with
adverse outcome/No. of women in daily MBG category) x 100. The symbols represent the absolute risk for women in different daily MBG
categories. Each daily MBG category was 5 mg/dl. The ORs (95% Cl) were generated from the logistic regression to assessed associations of daily
MBG in 5 mg/dl units with pregnancy outcomes. Any adverse pregnancy outcome was defined as the prevalence of one or more of the
following conditions: preterm birth, LGA, fetal distress, premature rupture of fetal membranes, and NICU admission. Abbreviations: CGM,
continuous glucose monitoring; ROC, receiver operating characteristic; TAR, time above range; MBG, mean blood glucose; LGA, large for
gestational age; NICU, neonatal intensive care unit; AUC, the ROC area under the curve; OR, odds ratio; Cl, confidence interval.
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the range of daily MBG (Fig. 3B). There was a 12% (95%
CI 1.05-1.19) higher risk of any adverse pregnancy
outcome for every 5 mg/dl rise in daily MBG. The ab-
solute risk for any adverse pregnancy outcome ranged
from 34.2% (100 of 292) to 66.7% (7 of 21). The lowest
and highest absolute risks for any adverse pregnancy
outcome were found among women with a daily MBG
ranging from 4.4 mmol/L to 4.7 mmol/L and women
with a daily MBG ranging from 5.8 mmol/L to
6.1 mmol/L, respectively. There was a 30% (95% CI
1.18-1.44) higher risk of LGA for every 5 mg/dl rise in
daily MBG. The lowest absolute risk for LGA was 3.2%
(1 of 31) for women with a daily MBG ranging from
3.3 mmol/L to 3.9 mmol/L. The highest absolute risk
for LGA was 80.0% (2 of 3) for women with a daily MBG
ranging from 6.4 mmol/L to 6.9 mmol/L.

Sensitivity analysis

The result of the association between CGM-metrics and
adverse pregnancy outcome was consistent when we
additionally adjusted gestational weight gain, diabetes
treatments, and HbAlc at baseline (Table S3). In the
categorical analysis of CGM-derived metrics, positive
associations of AUC, nighttime MBG, daytime MBG,
and daily MBG with the risk of any adverse pregnancy
outcome remained (FDR corrected, p for trend <0.05;
Table S4). Compared with the lowest tertile, the highest
tertile of AUC (OR 1.39; 95% CI 1.05-1.84), nighttime
MBG (OR 1.40; 95% CI 1.06-1.85), daytime MBG (OR
1.45; 95% CI 1.10-1.92), and daily MBG (OR 1.39; 95%
CI 1.05-1.83) was associated with higher risk of any
adverse pregnancy outcome. Likewise, association be-
tween CGM-metrics and the risk of LGA was generally
consistent with the primary per-SD analysis. Addition-
ally, we observed positive association of daytime MBG
with the risk of PROM (p for trend = 0.032). Women
among the highest group of daytime MBG had a higher
risk of PROM (OR 1.46; 95% CI 1.03-2.05; Table S4).
Participants with TAR >5% (vs. <5%) was associated
with higher risk of preterm birth (OR 2.17; 95% CI
1.11-4.24) and LGA (OR 2.18; 95% CI 1.35-3.52;
Table S5). Conversely, participants with TBR >4% (vs.
<4%) had a lower risk of LGA (OR 0.61; 95% CI
0.42-0.88).

Subgroup analyses

In the multinomial regression, we found similar results
of LGA (Fig. S3A). However, there was no significant
association of CGM-derived metrics with the risk of
SGA. Our result revealed significant interaction between
pre-pregnancy BMI and CGM-derived TAR, AUC,
nighttime MBG, daytime MBG, and daily MBG on the
risk of any adverse pregnancy outcome (p for interaction
<0.05, Fig. S3B). The positive association between TAR
and any adverse pregnancy outcome was significant
among participants being overweight/obese Dbefore
pregnancy (OR 1.47; 95% CI 1.18-1.83). Similarly, the
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positive association with any adverse pregnancy
outcome for AUC, nighttime MBG, daytime MBG, and
daily MBG was stronger among those with pre-
pregnancy overweight/obese status compared with un-
derweight or normal-weight participants (Fig. S3B).

Discussion

In the present study, we conducted a prospective cohort
study among 1302 participants with GDM to investigate
the associations of CGM-derived metrics with adverse
pregnancy outcomes. Higher levels of TAR, AUC,
nighttime MBG, daytime MBG, and daily MBG were
associated with higher risk of any adverse pregnancy
outcome (preterm birth, LGA, fetal distress, PROM, or
NICU admission). We further summarized the potential
thresholds of TAR and daily MBG for women with
GDM to distinguish individuals with and without
adverse pregnancy outcomes.

We demonstrated the dynamic blood glucose
profiling of participants with GDM during the second
trimester of pregnancy, and found that several CGM-
derived biomarkers (e.g., TAR, AUC, nighttime MBG,
daytime MBG, and MAGE) were associated with LGA.
An early study involving 150 pregnant women with
GDM and continuously monitoring the glucose for 72 h
showed that mean glucose was positively associated with
neonatal birth weight.”” Another two recent studies
based on 162 and 97 pregnant women with GDM also
reported that participants with higher nighttime glucose
levels during the third trimester had higher risk of LGA
birth.*” Similar association pattern was observed in
pregnant women with type 1 diabetes.” In line with our
results, previous studies showed that higher MBG, TAR,
and AUC, as well as more glycemic variability (MAGE
and SD) in the second trimester were associated with
increased risk of LGA.***” These findings suggested that
hyperglycemia status and glycemic variability may play
an important role in the relationship of GDM with
excessive neonatal birth weight, which also suggested
that CGM-derived targets may be effective markers for
GDM management to prevent LGA or macrosomia.

Our present study was among the first to reveal that
higher levels of TAR were associated with higher risk of
preterm birth in participants with GDM. Several cohort
studies from different countries reported that pregnancy
hyperglycemia was positively associated with risk of
spontaneous preterm birth.** Our study substantially
expanded the prior knowledge by characterizing the
detailed pattern of hyperglycemia that was associated
with preterm birth, which provided potential interven-
tion targets for the prevention of preterm birth. Never-
theless, more research is needed to evaluate the
translational potential of these CGM-derived metrics for
the prediction of preterm birth in the future.

Previous studies revealed that women with GDM
also experienced a higher risk of NICU admission.***
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Maternal hyperglycemia can lead to fetal hyper-
insulinemia, promoting development of insulin-
sensitive tissues (i.g., liver, fat, and muscle) but not
non-insulin-sensitive tissues (i.g., brain and kidney).*
The imbalance development of different fetal tissues
may lead to poor tolerance to hypoxia in utero and poor
adaptability to the external environment. This situation
would result in increased adverse neonatal outcomes,
such as respiratory distress, hypoglycemia, and macro-
somia, which may in turn lead to an increase in NICU
admission.”**** Furthermore, we discovered that in-
dividuals with GDM who exhibited prolonged hyper-
glycemia (i.e., TAR) had a higher risk of NICU
admission compared with those with shorter periods of
hyperglycemia. PROM is also a common maternal
complications in pregnant women with GDM,* while
few studies have revealed the metabolic factors which
may influence the prevalence of PROM.” Here, we
discovered a positive correlation between daytime
glucose level and the risk of PROM among women with
GDM.

Women with obesity had an increased risk of adverse
pregnancy outcome, such as macrosomia, preterm
birth, LGA, and cesarean delivery.” GDM combined
with overweight and obesity may exaggerate the risk of
developing adverse pregnancy outcomes.* This was in
line with our present finding that the association be-
tween maternal hyperglycemia status (e.g., TAR and
daytime MBG) and adverse pregnancy outcome was
stronger among overweight or obese women.

Long-term exposure to hyperglycemia in pregnant
women has been correlated with fetal growth accelera-
tion,”” which may help explain the discovered associa-
tions between maternal hyperglycemia and adverse
pregnancy outcomes in the present study. Animal study
revealed that hyperglycemia during pregnancy could
induce placental structural and functional dysfunction.”
Meanwhile, evidence from human and mice suggested
that high glucose level triggered DNA methylation
epigenetic modifications in placenta’ and germ cells,”
and subsequently contributed to poor fetal outcomes.
Taken together, these findings may conjointly explain
the high correlations of mean glucose level and hyper-
glycemia ratio with adverse pregnancy outcomes in our
study. More mechanistic research is needed to interpret
our findings.

The present study has several strengths. First, we
included a large number of participants with GDM who
were connected to CGM for up to 14 days during the
second trimester of pregnancy, and the CGM-derived
metrics provided comprehensive profiling of the blood
glucose homeostasis. Second, we have collected exten-
sive clinical and lifestyle parameters, which enables us
to explore associations of CGM-derived metrics with
common and major adverse maternal and neonatal
outcomes, adjusting for a wide range of potential
confounders.

There are also several limitations. First, this study
only included Chinese participants in a single center,
and thus the findings may not be generalizable to other
populations or ethnicities, although we have applied the
wildly used IADPSG criteria for GDM diagnosis, which
increases our comparability with other GDM pop-
ulations. Furthermore, our study only included women
with GDM (without overt diabetes in pregnancy) and did
not have a normal control group, which may have
contributed to the lack of statistical significance in some
individual adverse outcomes. Second, the CGM data
were collected during 24-28 weeks’ gestation, which
may not represent glucose status throughout pregnancy.
Third, the CGM devices were connected to participants
after GDM diagnosis, which may potentially alter the
patients’ dietary habits or lifestyle factors. Nevertheless,
we have adjusted for potential confounders related to
lifestyle factors, and the CGM recordings are masked
from participants during measurements. Finally, the
present results may not be causal due to the observa-
tional nature of our study, and therefore further ran-
domized controlled trials and mechanism studies are
necessary to validate our findings.

In conclusion, our study suggests that higher levels
of CGM-derived metrics of hyperglycemia status and
mean blood glucose are potential biomarkers of com-
mon adverse pregnancy outcomes among wormen par-
ticipants with GDM. Meanwhile, the pre-pregnancy
BMI may influence the association of the glycemic sta-
tus with the pregnancy outcomes, which indicates a
stratified prevention and management strategies for
glycemic dynamics among patients with GDM. More
studies with large sample size are warranted to replicate
the present results to further establish an optimal
glucose management strategy for GDM.
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