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Advanced maternal age,
overweight and obese positively
correlate to the abnormal plasma
glucose among gestational
diabetes mellitus women even
with physical exercise >90 min/
day: a prospective cohort study in
Shanghai

Xiangjin Gao®%, Xiugi Zhang'%>, Ruiqi Cai3, Zhen Duan?, Quanruo Xu?, Fanlingzi Shen?,
Rui Zhang?, Qing Yang** & Ruiping Wang3**

Physical exercise is an effective intervention in controlling gestational plasma glucose (PG) and
reducing adverse pregnancy outcomes. However, evidence regarding the appropriate levels of
physical exercise for gestational diabetes mellitus (GDM) women is still limited, especially in China.
This study aims to explore the association between physical exercise time and the abnormal plasma
glucose (APG) during third trimester, and to develop physical exercise instruction for GDM women
with different characteristics. In this study, GDM was diagnosed by 75 g oral glucose tolerance test
(OGTT). During the routine antenatal checkups subsequent to GDM confirmation, APG was defined as
fasting plasma glucose = 5.10 mmol/L, or 2-h plasma glucose = 8.5 mmol/L with breakfast consumption.
Information regarding prenatal examination and birth records among GDM women was extracted
from the health information system, and physical exercise data was collected through face-to-face
interviews. Group-based trajectory modeling (GBTM) was implemented through R software to identify
distinct trajectories of APG percentage, and the restricted cubic spline (RCS) curves with four knots
were used to model the dose-response relationship between physical exercise time and the APG
percentage among GDM women, in the total and different subgroups. In this study, a P-value less than
0.05 (two-tailed) was viewed as statistical significance. The age of 1448 GDM women ranged from 18
to 45 years, with an average age of 31.22 years. GDM women was divided into low APG group (n=974,
67.27%) and high APG group (n=474, 32.73%) based on the GBTM. Logistic regression indicated that
GDM women with advanced maternal age (odds ratio (OR)=2.37 and 95% confidence interval [CI]
1.44-3.90 for those aged 3645 years, and OR=1.62 (95% Cl 1.02-2.56) for those aged 31-35 years),
overweight and obese (OR=1.70, 95%Cl 1.34-2.16) had higher APG risk. The RCS curve indicated that
physical exercise could lower the APG percentage among GDM women. However, GDM women with
advanced maternal age, overweight and obese still had high APG percentage even when physical
exercise exceeded 90 min/day. Physical exercise over 60 min/day could effectively lower the APG risk
among GDM women, but even over 90 min/day is less efficient for those with advanced maternal age,
overweight and obese, so physical exercise incorporated with other intervention measures should be
considered.
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Gestational diabetes mellitus (GDM) is one of the most common metabolic disorders in pregnancy, which
refers to the first occurrence of impaired glucose tolerance of varying degrees during gestation!. GDM seriously
impacts both maternal and neonatal health, which not only lead to immediate complications, but also lead to
long-term adverse pregnancy outcomes?. Studies indicate that high glucose environment in the uterus of GDM
women can affect the development of placental morphology and function, and induce the hazard of fetal chronic
diseases 2-8 times higher than normal levels®*. The rapidly growing epidemiological trend of GDM and rising
healthcare expenditures have seriously affected the quality of the neonatal population™®.

In UK, over 90% of GDM women can achieve well treatment effect by physical exercise and nutrition
interventions’. Physical exercise is an effective intervention measure in promoting fat decomposition and reducing
insulin resistance, which can improve gestational plasma glucose and reduce adverse pregnancy outcomes®~1°.
In addition, physical exercise can also help GDM women adjust their emotions, relieve depression and anxiety,
improve physical health and maintain a healthy lifestyle!!. While the American College of Obstetricians and
Gynecologists (ACOG) and the Royal College of Obstetricians and Gynaecologists (RCOG) recommend that
pregnant women engage in at least 150 min of moderate-intensity physical exercise weekly, but did not put
forward a specific guide for GDM women'>!3. Meanwhile, previous research found that the abnormal plasma
glucose (APG) percentage among some GDM women was still high even with long physical exercise time!“.
Therefore, evidence regarding the appropriate levels of physical exercise for GDM women with different types is
limited, especially in China.

Group-based trajectory modeling (GBTM) has been increasingly applied for its usefulness in describing
dynamic change and identifying unobserved heterogeneity in trajectories among the population'>. GBRTM
is beneficial in trajectory simulation and identification which prevent the dissemble the differences between
groups'®. Previous studies explore the association between physical exercise and poor glycemic control are mainly
based on the individual APG percentages, but without considering the dynamic changes of APG percentage
among GDM women, which prevent the accurate understanding of the dynamic trajectory of APC changes
among GDM women with good glycemic control. However, we can accurately delineate the characteristics
of GDM women with good APG control grouped based on GBTM, and to explore the associated influencing
factors.

In this study, we aim to explore the association between physical exercise and the APG percentage among
GDM women based on GBTM and RCS curve, and to develop physical exercise instruction for GDM women.

Methods

Study population

This is a prospective study conducted in Shanghai, China from 2020 to 2024. We established a prospective cohort
with over 1000 GDM women to explore the influence of physical exercise on plasma glucose during pregnancy
and adverse pregnancy outcomes. Participants were recruited from the Songjiang Maternal and Children’s
Healthcare Hospital (SMCHH) at their 24-28 weeks of gestation, and followed until the delivery. The sample size
calculation has been described in detail in our previously published work!”. In this study, the inclusion criteria
were: (1) aged 18-45 years; (2) lived in Songjiang District without any migration plan in the next two years; (3)
gestation of 24-28 weeks, confirmed GDM diagnosis with 75 g OGTT; (4) singleton pregnancy; (5) without
preexisting diabetes history; (6) being able to read and sign the informed consent form®!”!8, GDM women
with pharmacological interventions for glycemic control, with physical exercise restrictions and psychological
disorders during pregnancy were excluded. Finally, 1448 GDM woman were enrolled in the study. The review
board of SMCHH reviewed and approved this study (IRB 2019-12-003), and the written informed consent were
obtained from all participants prior to data collection. This study was conducted in accordance with the Helsinki
Declaration and registered in the Chinese Clinical Trial Registry (ChiCTR2000028832), Fig. 1.

Data collection

This study employed a structured questionnaire to collect data from GDM women. The questionnaire had four
parts, Part A encompassed demographic characteristics, including age, education, occupation, and residency
status. Part B encompassed detailed information regarding obstetric history, diabetes history, pre-pregnancy
height and body weight, and routine antenatal check records. Part C encompassed perinatal outcomes, including
gestational age at delivery, delivery mode, and any adverse outcomes. Part D recorded the frequency and duration
of physical exercise during the late gestational period (27-40 weeks).

Data in Part A, B, and C was directly extracted from the electronic health records and antenatal care records
maintained by the hospital. Data in Part D was collected through face-to-face interviews conducted in the wards
by trained nurses after the delivery of GDM women and verified by a random selection of 15% of all GDM
women. To ensure data integrity, records with incomplete or missing values were systematically flagged and
cross-verified against the original paper-based medical records. All collected data were anonymized to ensure
participants’ privacy and prevent any potential linkage to individual identities.

Definition and index calculation
In this study, the diagnosis of GDM was in line with the International Association of Diabetes and Pregnancy
Study Groups (IADPSG). Women without prior diabetes underwent a 75 g oral glucose tolerance test (OGTT)
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pregnant women

Inclusion criteria: (1) aged 18-45 years; (2) resident living in Songjiang District without
any migration plan in the next two years; (3) gestation of 24-28 weeks; (4) singleton
pregnancy; (5) without preexisting diabetes history; (6) confirmed GDM diagnosis
with 75g oral glucose tolerance test (OGTT); (7) being able to read and sign the
informed consent form
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Fig. 1. The technical flowchart of this study.

at 24-28 weeks of gestation. GDM was diagnosed if any of the following plasma glucose thresholds were met: (1)
fasting plasma glucose > 5.1 mmol/L, (2) 1-h plasma glucose > 10.0 mmol/L, or (3) 2-h plasma glucose > 8.5 mmol/
LY. During the routine antenatal checkups subsequent to GDM confirmation, APG was defined as fasting
plasma glucose = 5.10 mmol/L, or 2-h plasma glucose > 8.5 mmol/L with breakfast consumption. The percentage
of abnormal blood glucose was determined through dividing the number of abnormal plasma glucose tests by
the total number of plasma glucose tests conducted in each GDM women.

Pre-pregnancy BMI was calculated as weight (kg) divided by 2 times of height (m), and categorized
as<18.5 kg/m? (underweight), 18.5-24 kg/m? (normal weight), and > 24 kg/m? (overweight/obese). The age of
GDM women was divided into 18-25 years, 26-30 years, 31-35 years, and 36-45 years (defined as advanced
maternal age). Education was quantified based on the total years of formal education completed and divided
into 6-9 years (primary/junior high), 10-12 years (senior high), and> 12 years (college and above). The level
of physical exercise was assessed through the self-reported total physical exercise times, and was classified into
" <30 min/day", "30-59 min/day", "60-89 min/day", "90-119 min/day", and "> 120 min/day".

Statistical analysis

This study utilized SAS (version 9.4) and R software (version 4.4.2) for data analysis. Mean and standard
deviation (SD) were employed to describe normally distributed quantitative data, and median and interquartile
range (IQR) were used to describe skewed distributed quantitative data. Student’s ¢ test and Mann-Whitney U
test were used to compare the difference of quantitative data between groups as appropriate. Qualitative data
was expressed as frequency and percentage (%) and Chi-square test was employed to compared differences
between groups. In this study, GBTM was implemented through R to identify distinct trajectories of the APG
percentage among GDM women. Firstly, trajectories with one, two and three groups was fitted based on the
GBTM, respectively (Table 2), and then the selected two group GBTM was fitted with different random effects
and functions (Table 3). The best fitted model was determined based on the Bayesian Information Criterion
(BIC) and Akaike Information Criterion (AIC). Logistic regression model was applied to calculate the odds
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ratio (OR) and 95% confidence interval (CI) to explore factors associated with the high APG percentage divided
based on the GBTM among GDM women. Restricted cubic spline curves with four knots were used to model
the dose-response relationship between daily physical exercise time and APG percentages among GDM women
with different trajectories group categorized by the GBTM and with different demographic features as well. In
this study, a P-value less than 0.05 (two-tailed) was considered as statistically significant.

Results

In this study, the average age of 1448 GDM women was 31.22 years (SD=4.59 years), with 677 primipara
(46.75%) and 771 multipara (53.25%). The percentage of GDM women in age group of 18-25 years, 26-30 years,
31-35 years, and 36-45 years was 10.01%, 35.98%, 35.57%, and 18.44%, respectively. The majority of GDM
women had an education of college and above (61.40%), and 42.40% of them had a balanced diet with doctors’
suggestion. The median value of BMI among GDM women was 22.77 kg/m? (IQR: 20.67-25.15), and 4.63%,
59.25%, and 36.12% were underweight, normal weight, and overweight/obese, respectively. The median value
of daily physical exercise time was 55.00 min (IQR: 35.00-75.00), and the percentage of GDM women with
daily physical exercise time <30 min, (30-59) min, (60-89) min, (90-119) min, and>120 min was 14.64%,
38.33%, 32.80%, 10.64%, and 3.59%, respectively. The median weight gain during gestation was 8.60 kg (IQR:
5.00-11.60), and approximately 25% GDM women had adverse pregnancy outcomes, including premature
rupture of membranes (206, 14.23%), macrosomia (89, 6.15%), premature infants (77, 5.32%), low birth weight
(55, 3.80%), postpartum hemorrhage (36, 2.49%), polyhydramnios (23, 1.59%), puerperal infection (5 cases),
neonatal asphyxia (3 cases) and 1 case of forceps delivery. Moreover, the median percentage of APG was 37.50%
(IQR: 20.00-62.50%) among 1448 GDM women (Table 1).

Trajectories of the abnormal plasma glucose percentage

In this study, a sequence of trajectory models varying from 1 to 3 classes were established, and then compared
to determine the best-fitted model. The best fitted model would be used to characterize the heterogeneity in
dynamic change of the APG percentage among GDM women (Table 2). Tables 2 and 3 indicated that model
with 2 distinct trajectories had the lowest AIC and BIC value, which was then selected as the best fitted APG
percentage trajectories (with random intercept and linear) (Table 3). To facilitate the interpretability, we assigned
labels to present the different trajectories of the APG percentage based on the modeled graphical patterns
(Fig. 2), and then divided GDM women into Class 1 (with low APG group, n=974, accounting for 67.27%) and
Class 2 (with high APG group, n =474, accounting for 32.73%).

Characteristics of GDM women within different trajectories based on GBTM

The average age of GDM women in the low and high APG group was 30.77 years (SD =4.41) and 32.14 years
(SD=4.83), respectively. The median BMI value among GDM women was 22.41 kg/m? (IQR: 20.47-24.61) in
the low APG group, and 23.70 kg/m? (IQR: 21.40-25.71) in the high APG group. The median physical exercise
time was 57.83 min/day (IQR: 38.00-75.00) and 50.00 min/day (IQR: 30.00-75.00) among GDM women with
low APG and high APG, respectively. The median weight gain during gestation among GDM women was 9.05 kg
(IQR: 5.80-12.00) in the low APG group and 7.50 kg (IQR: 3.60-10.60) in the high APG group. In this study,
GDM women in the high APG group had higher proportion of advanced maternal age,and higher proportion
of overweight and obese than those in the low APG group, the difference was statistically significant (P<0.01)
(Table 4).

GDM women with different pregnancy outcomes status

In this study, 26.17% of GDM women had adverse pregnancy outcomes (APO). The average age was 31.38 years
(SD=4.63) for GDM women without APO, and 30.77 years (SD =4.46) for GDM women with APO. The median
BMI value was 22.66 kg/m? (IQR: 20.54-24.79) and 23.23 kg/m? (IQR: 20.96-25.59) among GDM women without
and with APO, respectively. The median daily physical exercise time was 55.00 min both in the GDM women
with and without APO. GDM women without APO had statistically significant lower weight gain (8.40 kg, IQR:
4.60-11.40) during gestation than those with APO (9.10 kg, IQR: 5.60-12.10). In this study, GDM women with
APO had slightly lower proportion of advanced maternal age, higher proportion of overweight and obese, but
lower proportion of multipara than those without APO, the difference were all statistically significant (P<0.01).
Moreover, GDM women with APO had lower proportion of advanced education, and non-local resident than
those without APO, but without statistically significant (Table 5).

Factors associated with the high abnormal plasma glucose percentage

In Fig. 3, logistic regression analysis with covariates adjustment indicated that GDM women aged 36-45 years
(OR=2.37,95% CI 1.44-3.90), 31-35 years (OR=1.62, 95% CI 1.02-2.56), and 26-30 years (OR=1.44, 95% CI
0.92-2.24) had higher APG percentage than those aged 18-25 years. Moreover, GDM women with overweight/
obese (OR=1.70, 95% CI 1.34-2.16) had higher APG percentage than those with normal weight, and GDM
women with more physical exercise time tended to have a lower APG percentage, the OR was 0.86 (95% CI 0.61-
1.22) for 30-59 min/day, 0.55 (95% CI 0.39-0.79) for 60-89 min/day, 1.08 (95% CI 0.69-1.68) for 90-119 min/
day and 0.77 (95% CI 0.40-1.48) for > 120 min/day (Fig. 3).

Factors associated with adverse pregnancy outcomes

In Fig. 4, the logistic regression analysis with the adjustment for covariates indicated that GDM women with
overweight/obese (OR=1.70, 95% CI 1.32-2.19) had higher APO risk than those with normal weight, and GDM
women with more physical exercise time tended to have a lower APO risk, the OR was 0.81 (95% CI 0.58-1.13)
for 30-59 min/day, 0.50 (95% CI 0.35-0.71) for 60-89 min/day, 0.97 (95% CI 0.63-1.50) for 90-119 min/day
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Variable

Total women (n=1448)

Age (years; Mean +SD)

31.22+4.59

Age group (years; 1 (%))

18-25 145 (10.01)
26-30 521 (35.98)
31-35 515 (35.57)
36-45 267 (18.44)
Education group (1 (%))

Primary/junior high 296 (20.44)
Senior high 263 (18.16)
College and above 889 (61.40)
Status of census register (n (%))

Local resident 445 (30.73)

Non-local resident

1003 (69.27)

Pregnant status (1 (%))

Primipara

677 (46.75)

Multipara

771 (53.25)

BMI (kg/m? Median (IQR))

22.77 (20.67-25.15)

BMI group (1 (%))

Underweight 67 (4.63)
Normal 858 (59.25)
Overweight/obese 523 (36.12)
Balanced diet with doctor’s suggestion (1 (%))

Yes 614 (42.40)
No 834 (57.60)

Daily physical exercise time (min; Median (IQR))

55.00 (35.00-75.00)

Daily physical exercise time (min; # (%))

<30 212 (14.64)
30-59 555 (38.33)
60-89 475 (32.80)
90-119 154 (10.64)
>120 52 (3.59)

Types of physical activity (Median (IQR))

2.00 (2.00-3.00)

Percentage of abnormal PG (%; Median (IQR))

37.50 (20.00-62.50)

Weight gain in gestation (kg, Median (IQR))

8.60 (5.00-11.60)

Adverse pregnancy outcomes status (1 (%))

Yes

379 (26.17)

No

1069 (73.83)

Table 1. Characteristics of women with gestational diabetic mellitus (GDM) in Shanghai. BMI body mass

index, IQR Interquartile Range, PG plasma glucose.

Number of classes
Fit statistic 1 2 3
BIC (Bayesian information criterion) | 13,766.85 13,644.94 13,666.77
AIC (Akaike information criterion) 13,751.01 13,613.27 13,619.27

Classl, 100.00% | Classl, 67.27%

Classl, 67.27%

Class proportion

Class2, 32.73%

Class2, 0.00%

Class3, 32.73%

APP (average posterior probabilities)

Classl, 0.92 Class1, 0.92
Class2, 0.89 Class2, NA
Class3, 0.89

Table 2. Fit statistics for trajectories of abnormal plasma glucose percentage with different potential classes.

Significant values are in bold-italics.
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Random intercept Random slope + Random intercept
Fit statistic Linear Quadratic function | Cubic function | Linear Quadratic function | Cubic function
BIC 13,652.22 13,656.65 13,666.15 13,660.70 13,686.71 13,725.53
AIC 13,615.27 13,609.15 13,608.10 13,613.20 13,612.82 13,619.98
Class proportion Classl, 67.27% | Classl, 65.40% Class1, 64.99% | Classl, 64.43% | Classl, 65.40% Class1, 65.81%
Class2, 32.73% | Class2, 34.60% Class2, 35.01% | Class2, 35.57% | Class2, 34.60% Class2, 34.19%
APP Classl, 0.92 Classl, 0.93 Class1, 0.93 Class1, 0.93 Classl, 0.93 Class1, 0.93
Class2, 0.89 Class2, 0.87 Class2, 0.86 Class2, 0.87 Class2, 0.87 Class2, 0.87

Table 3. Fit statistics for trajectories of abnormal plasma glucose percentage with two potential classes.
AIC Akaike information criterion, BIC Bayesian information criterion, APP average posterior probabilities.
Significant values are in bold-italics.
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Fig. 2. Mean trajectories of abnormal plasma glucose percentage.

and 0.73 (95% CI 0.38-1.40) for > 120 min/day. Moreover, primipara (OR=1.61, 95% CI 1.25-2.09) had higher
APO risk than multipara (Fig. 4).

Association between physical exercise time and abnormal plasma glucose percentage

In general, the predicted percentage of APG decreased dramatically with the increase of physical exercise time
when it was less than 60 min/day, but stabilized or even increased slightly with the increase of physical exercise
time when it exceeded 90 min/day (Fig. 5). For GDM women in low APG group, the predicted APG percentage
decreased continuously when physical exercise time was under 30 min/day, and stabilized when physical exercise
time was 30-90 min/day, but decreased slightly again when physical exercise time exceeded 90 min/day (Fig. 6,
Part A). For GDM women in high APG group, the predicted APG percentage decreased continuously with the
increase of physical exercise time, but was all over 70% (Fig. 6, Part B).

Subgroup analysis indicated that the APG percentages was all under 45% and decreased continuously with
the increase of physical exercise time among GDM women aged < 35 years (Fig. 6, Part C). The post-hoc power
analysis indicated that with n=1181 in the aged <35 years subgroup, the study achieved 90.1% power (a=0.05,
two-tailed) to detect a significant difference. For GDM women aged over 35 years, the predicted APG percentage
decreased substantially when the physical exercise time was under 90 min/day, but increased gradually when
physical exercise time exceeded 90 min/day (Fig. 6, Part D). The post-hoc power analysis indicated that with
n=267 in the age over 35 years subgroup, the study achieved 98.8% power (a=0.05, two-tailed) to detect a
significant difference.

For GDM women with underweight or normal weight, the predicted APG percentage decreased continuously
when physical exercise time was under 90 min/day, but increased slowly when physical exercise time was over
90 min/day (Fig. 6, Part E). The post-hoc power analysis indicated that with n=925 in the underweight or
normal weight subgroup, the study achieved 88.6% power (a=0.05, two-tailed) to detect a significant difference.
For GDM women with overweight and obese, the predicted percentage of APG decreased substantially when
physical exercise time was under 60 min/day, but decreased slightly when physical exercise time was over
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Variable Low abnormal plasma glucose group (n=974) | High abnormal plasma glucose group (n=474) | t/x* P
Age (years; Mean +SD) 30.77 +4.41 32.14+4.83 -5.21 | <0.01
Age group (years; n (%)) 27.07 | <0.01
18-25 111 (76.55) 34 (23.45)

26-30 370 (71.02) 151 (28.98)

31-35 346 (67.18) 169 (32.82)

36-45 147 (55.06) 120 (44.94)

Education (n (%)) 437 0.11
Primary/junior high 186 (62.84) 110 (37.16)

Senior high 173 (65.78) 90 (34.22)

College and above 615 (69.18) 274 (30.82)

Status of census register (1 (%)) 0.66 0.42
Local resident 306 (68.76) 139 (31.24)

Non-local resident 668 (66.60) 335 (33.40)

Pregnant status (1 (%)) 1.70 0.19
Primipara 467 (68.98) 210 (31.02)

Multipara 507 (65.76) 264 (34.24)

BMI (kg/m? Median (IQR)) 22.41 (20.47-24.61) 23.70 (21.40-25.71) 3438 | <0.01
BMI group (1 (%)) 28.75 | <0.01
Underweight 50 (74.63) 17 (25.37)

Normal 618 (72.03) 240 (27.97)

Overweight/obese 306 (58.51) 217 (41.49)

Balanced diet with doctor’s suggestion (1 (%)) <0.01 | 0.99
Yes 413 (67.26) 201 (32.74)

No 561 (67.27) 273 (32.73)

Daily physical exercise time (min; Median (IQR)) | 57.83 (38.00-75.00) 50.00 (30.00-75.00) 530 |0.02
Daily physical exercise time (min; 7 (%)) 23.80 | <0.01
<30 123 (58.02) 89 (41.98)

30-59 369 (66.49) 186 (33.51)

60-89 355 (74.74) 120 (25.26)

90-119 93 (60.39) 61 (39.61)

>120 34 (65.38) 18 (34.62)
Types of physical activity (Median (IQR)) 2.00 (2.00-3.00) 2.00 (2.00-3.00) <0.01 |0.98
Weight gain in gestation (kg, Median (IQR)) 9.05 (5.80-12.00) 7.50 (3.60-10.60) 32.29 | <0.01

Table 4. Characteristics of GDM women according to trajectories of abnormal plasma glucose percentage.

BMI body mass index, IQR Interquartile Range, PG plasma glucose. Significant values are in bold-italics.

60 min/day (Fig. 6, Part F). The post-hoc power analysis indicated that with n=523 in the overweight and obese
subgroup, the study achieved 92.4% power (a=0.05, two-tailed) to detect a significant difference.

Discussion

GDM poses significant risks to maternal and neonatal health outcomes. Maternal complications include increased
susceptibility to preeclampsia, cesarean delivery, and long-term progression to type 2 diabetes mellitus®’, while
neonatal consequences encompass macrosomia, hypoglycemia, and respiratory distress syndrome?!. Maternal
hyperglycemia disrupts fetal pancreatic development and insulin regulation, predisposing both generations to
lifelong metabolic dysfunction?>?*. In recent years, the implementation of new childbirth policies and intensified
social pressures regarding child rearing issue induced a progressive decline in younger women alongside a marked
increase in pregnant women with advanced maternal age. Moreover, the delayed pregnancy time among women
has become an important factor inducing the elevated prevalence of GDM in China?*%°. In our previous studies,
we identified the negative correlation between physical exercise time and abnormal blood glucose percentage in
GDM women'”. Furthermore, we also noticed that multiparous women had lower efficacy in controlling blood
glucose levels through physical exercise than primiparous women!*!%, In this study, we identified that GDM
women with advanced maternal age, overweight and obese need more physical exercise to achieve a lower APG
percentage during pregnancy.

This present study applied GBTM to identify distinct trajectories of the APG percentage as a function of
physical exercise time, and demonstrated that the APG percentage was higher among GDM women with advanced
maternal age, overweight and obese. The increased risk of APG among GDM women with advanced maternal
age may attribute to the high level of chronic inflammation, which may interfere with insulin signaling pathway,
lead to increased insulin resistance, and then increase the risk of abnormal blood glucose26’27. Meanwhile, the
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Variable No adverse pregnancy outcomes (n=1069) | Adverse pregnancy outcomes (n=379) | t/y> |P
Age (years; Mean +SD) 31.38+4.63 30.77 £4.46 220 |0.03
Age group (years; 1 (%)) 8.78 |0.03
18-25 104 (71.72) 41 (28.28)

26-30 364 (69.87) 157 (30.13)

31-35 400 (77.67) 115 (22.33)

36-45 201 (75.28) 66 (24.72)

Education (1 (%)) 0.11 |0.95
Primary/junior high 217 (73.31) 79 (26.69)

Senior high 193 (73.38) 70 (26.62)

College and above 659 (74.13) 230 (25.87)

Status of census register (1 (%)) 1.52 [0.22
Local resident 319 (71.69) 126 (28.31)

Non-local resident 750 (74.78) 253 (25.22)

Pregnant status (1 (%)) 16.39 | <0.01
Primipara 466 (68.83) 211 (31.17)

Multipara 603 (78.21) 168 (21.79)

BMI (kg/m? Median (IQR)) 22.66 (20.54-24.79) 23.23 (20.96-25.59) 10.37 | <0.01
BMI group (1 (%)) 15.88 | <0.01
Underweight 55 (82.09) 12 (17.91)

Normal 659 (76.81) 199 (23.19)

Overweight/obese 355 (67.88) 168 (32.12)

Balanced diet with doctor’s suggestion (1 (%)) 0.58 |0.45
Yes 447 (72.80) 167 (27.20)

No 622 (74.58) 212 (25.42)

Daily physical exercise time (min; Median (IQR)) | 55.00 (35.00-75.00) 55.00 (40.00-75.00) 0.33 | 0.56
Daily physical exercise time (min; 7 (%)) 19.14 | <0.01
<30 139 (65.57) 73 (34.43)

30-59 410 (73.87) 145 (26.13)

60-89 377 (79.37) 98 (20.63)

90-119 103 (66.88) 51 (33.12)

>120 40 (76.92) 12 (23.08)
Types of physical activity (Median (IQR)) 2.00 (2.00-3.00) 2.00 (2.00-3.00) 325 |0.07
Weight gain in gestation (kg, Median (IQR)) 8.40 (4.60-11.40) 9.10 (5.60-12.10) 8.54 | <0.01

Table 5. Characteristics of GDM women according to pregnancy outcomes status. BMI body mass index, IQR
Interquartile Range, PG plasma glucose. Significant values are in bold-italics.

increase of age is usually accompanied by the decrease of body metabolic rate, which might further aggravate the
fluctuation of blood glucose during pregnancy. The increased risk of APG in GDM women with overweight and
obese is related to their impact on the secretion of large amounts of free fatty acids and inflammatory factors by
adipocytes, which exacerbate insulin resistance and make it difficult to maintain normal plasma glucose levels.

In this study, the restricted cubic splines indicated that GDM women with advanced maternal age, overweight
and obese had higher APG risk and need at least 60 min/day physical exercise to keep the APG percentage under
45%. Previous researches have indicated that physical exercise during pregnancy could increase the expression
of glucose transporter 4 (GLUT4) in muscle cells. GLUT4 could enhance insulin sensitivity, improve glucose
utilization and reduce insulin resistance, which provide a fundamental approach for glycemic control among
GDM women?*. Meanwhile, due to the significant association between obesity and APG, engaging in physical
activities can further mitigate the risk of APG by increasing energy expenditure, improving body metabolism,
and regulating maternal appetite, thereby promoting weight management®!. Therefore, it is recommended
that GDM women with advanced maternal age, overweight and obese should engage in physical exercise over
60 min/day to achieve plasma glucose control during pregnancy.

In this study, we also noticed that the predicted APG percentage among GDM women with advanced maternal
age increased with the physical exercise time when exceeding 90 min/day. This might be due to the fact that
GDM women with advanced maternal age was more likely to be advised by healthcare professionals to engage in
more physical exercise, especially when the poor glycemic control was encountered. However, we should notice
that the glycemic level was still high even when physical exercise time was over 90 min/day among some GDM
women with advanced maternal age, indicating that additional intervention measures were required. The ACOG
and the RCOG recommend that pregnant women should engage in over 150 min of moderate-intensity physical
exercise weekly'>!3. However, findings in this study suggested that GDM women with advanced maternal age,
overweight and obese should engage in physical exercise for at least 60 min/day to achieve glycemic control,
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+~—0— OR (95% CI)

Subgroups OR (95% Cl)
Age group
18-25 ® 1(reference)
26-30 —_—— 1.44 (0.92-2.24)
31-35 —_—— 1.62 (1.02-2.56)
36-45 —_—— 2.37 (1.44-3.90)
BMI group
normal ® 1(reference)
underweight e g 0.96 (0.53-1.72)
overweight and obese —— 1.70 (1.34-2.16)
Daily physical exercise time
<30 ® 1(reference)
30-59 it 0.86 (0.61-1.22)
60-89 - 0.55 (0.39-0.79)
90-119 —— 1.08 (0.69-1.68)
2120 —— 0.77 (0.40-1.48)
OR 0 1 5
Fig. 3. Factors associated with the trajectory of high abnormal plasma glucose percentage based on logistic
regression analysis among GDM women. Adjusted covariates include age group, education group, BMI group,
pregnant status, daily physical exercise time and weight gain in gestation. The bold values indicate the OR was
statistically significant (P <0.05). BMI body mass index.
~—o— OR (95% ClI)
Subgroups OR (95% Cl)
BMI group
normal [} 1(reference)
underweight Gt 0.64 (0.33-1.24)
overweight and obese —— 1.70 (1.32-2.19)
Daily physical exercise time
<30 [ ] 1(reference)
30-59 .- 0.81 (0.58-1.13)
60-89 -o— 0.50 (0.35-0.71)
90-119 —— 0.97 (0.63-1.50)
2120 —— 0.73 (0.38-1.40)
Pregnant status
multipara ® 1(reference)
primipara —— 1.61 (1.25-2.09)
OR 0 1 5

Fig. 4. Factors associated with adverse pregnancy outcomes based on logistic regression analysis among GDM
women. Adjusted covariates include age group, BMI group, pregnant status, daily physical exercise time, types
of physical activity and weight gain in gestation. The bold values indicate the OR was statistically significant
(P<0.05). BMI body mass index.

and additional intervention measures should be provided for those with unsatisfied glycemic control®>**. The
poor glycemic control effect even with longer physical exercise time might be also attributed to the low intensity
physical exercise types among GDM women in China. In the traditional Chinese cultural perception, pregnancy
is viewed as a physiological state requiring augmented rest and nutritional support!”. These deep-rooted beliefs
contribute to the prevalent pattern among GDM women in China to favor low intensity physical exercise, with
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Fig. 5. The association between physical exercise time and the percentage of abnormal plasma glucose among
GDM women based on the restricted cubic spline.

walking as the predominant exercise modality. This cultural preference may lead to an underestimation of the
effectiveness of physical exercise interventions, so it is necessary to conduct more relevant research in regions
with special cultural backgrounds. In addition, when conducting research on physical exercise interventions in
regions with special cultural backgrounds such as China, it is recommended to focus on easier to implement
types of physical exercise such as walking, housework, body stretching exercise to improve the compliance of
research subjects. Moreover, no adverse events were observed or reported due to the high duration of the low
intensity physical exercise among GDM women in this study.

In this study, we identified that GDM women with underweight or normal weight require less physical
exercise to achieve plasma glucose control than those with overweight and obese, indicating the importance
of weight control before pregnancy. However, we should also notice that the blood glucose level was still high
among some GDM women with under or normal weight even when their physical exercise time was over
90 min/day, demonstrating that they were unable to achieve glycemic control through unique physical exercise.
However, the reason for this phenomenon was still not clear which should be explored in the future study. So
the monitor and whole round management of GDM women with underweight or normal weight is important
for them to achieve good plasma glucose control, especially for those who was not sensitive to physical exercise.

The important strength of this study lies in the prospective cohort design with 1,448 GDM women, and
data derived from the real-world clinical settings enhances the generalizability of the findings. Moreover,
data in this study is extracted directly from the electronic health information records and antenatal care
documents maintained by the hospital which lower the potential recall and measurement bias, is another
strength. Furthermore, this study applies GBTM to identify distinct trajectories of the APG percentage as a
function for physical exercise time, and employs the restricted cubic spline curves to flexibly model the dose-
response relationship between physical exercise time and the APG percentage among GDM women, which
could demonstrate the dynamic changes of blood glucose during pregnancy and offer valuable physical exercise
guidance for GDM women, is also another strength in this study.

There are several limitations in this study. First, GDM women was recruited exclusively in Shanghai which
ensured high internal authenticity, but the generalization of the findings to GDM women in other regions of
China was limited. Second, data regarding the physical exercise assessment was collected through face-to-face
interviews might introduce potential recall bias, which could systematically distort the collected data, cause
deviation in specific directions and threaten the validity and credibility of research results. So the electronic
device collecting real-time data on exercise should be considered in future studies. Third, the detailed dietary
patterns and environmental factors associated with blood glucose control among GDM women were not
collected and analyzed, which should be incorporated in future studies. So a multi-center study design with the
incorporation of individualized physical exercise monitoring, detailed covariates information collection should
be considered to enhance the validity and generalizability of findings.
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Fig. 6. The association between physical exercise time and the percentage of abnormal plasma glucose based
on the restricted cubic spline among GDM women with in low APG group (A), with in high APG group (B),
with <35 years old (C), with> 35 years old (D), with underweight/normal weight (E), with overweight/obese
(F).

Conclusions

Physical exercise over 60 min/day could effectively lower the APG risk among GDM women, but even over
90 min/day is less efficient for those with advanced maternal age, overweight and obese, so physical exercise
incorporated with other intervention measures should be considered.

Data availability
The raw data supporting the conclusions of this article will be made available upon request to the corresponding
author.
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