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Abstract

Background Gestational diabetes mellitus (GDM) is associated with both short- and long-term risks, although it

is unknown if risks vary by severity, timing, and duration of gestational hyperglycemia. We aimed to identify trajecto-
ries of random capillary glucose (RCG) levels throughout pregnancy and assess their associations with both obstetric/
neonatal outcomes and children’s risk of neurodevelopmental conditions (NDCs) (i.e., autism, intellectual disability,
and attention-deficit/hyperactivity disorders [ADHD]).

Methods A population-based cohort study was conducted involving 76,228 children born to 68,768 mothers with-
out pregestational diabetes. Group-based trajectory modeling was utilized to identify distinct glucose trajectories
across RCG values throughout the course of pregnancy. The associations between these trajectory groups and obstet-
ric/neonatal outcomes as well as children’s NDCs were then assessed using generalized estimating equation models
with a logit link. The Benjamini-Hochberg (BH) procedure was employed to adjust P-values for multiple comparisons,
controlling the false discovery rate (FDR).

Results Five distinct glucose trajectory groups were identified, each with varying percentages diagnosed with GDM.
Their associations with obstetric/neonatal outcomes as well as children’s NDCs varied. For example, when compared

to the “Persistently Low” group, other groups exhibited varying degrees of increased risk for large-for-gestational-age

babies, with the exception of the “High in Early Pregnancy”group. Compared to the “Persistently Low" group, all other
trajectory groups were associated with NDC outcomes, except the “High in Mid-Pregnancy” group. However, none

of the associations with offspring NDCs remained significant after accounting for the FDR correction.

Conclusions Persistent high glucose levels or moderately elevated glucose levels throughout pregnancy, as well
as transient states of hyperglycemia in early or mid-pregnancy, were found to be associated with increased risks
of specific obstetric and neonatal complications, and potentially offspring NDCs. These risks varied depend-

ing on the severity, timing, duration, and management of hyperglycemia. The findings underscore the need
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for continuous surveillance and individualized management strategies for women displaying different glucose trajec-
tories during pregnancy. Limitations such as potential residual confounding, the role of mediators, and small sample

size should be addressed in future studies.

Keywords Maternal glucose levels, Obstetric outcomes, Neonatal outcomes, Autism, Intellectual disability, Attention-

deficit/hyperactivity disorder

Background
Hyperglycemia in pregnancy is associated with mater-
nal overweight or obesity, which may complicate preg-
nancies, fetal health, and births [1, 2]. Hyperglycemia
meeting the diagnostic criteria for gestational diabe-
tes mellitus (GDM) has been associated with obstetric/
neonatal complications such as pre-eclampsia, preterm
birth, abnormal birthweight, neonatal hypoxia, and neo-
natal hypoglycemia [3, 4], though the Hyperglycemia and
Adverse Pregnancy Outcomes (HAPO) study established
that even subclinical glucose levels (hyperglycemia not
meeting criteria for diagnosis of GDM), measured around
28 weeks of gestation, are associated with short-term
health risks [5]. Exposure to maternal GDM has been
linked with increased likelihood of neurodevelopmental
conditions (NDCs) in children including autism [6-11],
intellectual disability (ID) [6, 9, 12], and attention-deficit/
hyperactivity disorders (ADHD) [6, 13—15]. The magni-
tude of these risks is likely dependent on timing of expo-
sure to GDM [6, 7]. While it is plausible that GDM could
directly influence the developing central nervous system
[16], associations between GDM and NDCs may also be
mediated by obstetric/neonatal complications, which are
also associated with increased risks of NDCs [17-21].
Studies investigating risks associated with maternal
hyperglycemia, particularly those investigating long-term
outcomes like NDC diagnoses, have relied primarily on
diagnoses of GDM as an exposure without information
on blood glucose measurements [6—11]. Previous stud-
ies have not been able to assess if better glycemic con-
trol after the diagnosis of GDM might influence the risk
of NDC outcomes [7, 13]. Furthermore, previous studies
investigating the associations with offspring NDCs have
not been able to control directly for confounders such as
maternal psychiatric history [7, 13]. By relying on diagno-
ses of GDM as an exposure, it is not possible to establish
whether exposure to subclinical hyperglycemia may still
be harmful to children’s neurodevelopment in the long
term. Moreover, the criteria and screening schedule for
diagnosing GDM vary across countries and regions [22],
with potential discrepancies from the internationally rec-
ommended standard [5, 23]. Previous studies have shown
that selective screening missed around one third of GDM
cases compared to universal screening [24, 25]. The ges-
tational week in which GDM is first detected is strongly

dependent on the screening schedule used [26-28]. This
may delay the identification of the true onset of GDM
and potentially mask the identification of sensitive time
periods during which exposure to hyperglycemia may
have the greatest influence. Though effective glycemic
control may prevent short-term perinatal complications
[29, 30], it is unknown if a transient exposure to hyper-
glycemia accompanied by subsequent effective control
may reduce the risk of NDCs in children compared to
continuous exposure. Furthermore, it is unclear if hyper-
glycemic states in the low-risk population, without overt
GDM diagnoses or risk factors such as overweight/obe-
sity, are associated with perinatal complications or long-
term NDCs in offspring.

In Sweden, there was no consensus on the GDM diag-
nostic criteria in Sweden during our study period [31].
Random capillary glucose (RCG) is routinely measured
by fingertip blood at multiple antenatal visits through-
out pregnancy [31]. Women with an RCG level above
8-9 mmol/l are subsequently referred for an OGTT to
exclude GDM ([31].

In this population-based cohort study, we first aimed
to identify and characterize distinct trajectories of RCG
levels throughout pregnancy using group-based trajec-
tory modeling (GBTM). We examined the associations of
maternal glucose trajectory groups with obstetric/neona-
tal complications and children’s risks of NDCs, to under-
stand whether these relationships varied with regard to
severity, duration, and timing of maternal hyperglycemia.

Methods

Study population

This population-based cohort study is nested within the
larger Stockholm Youth Cohort (SYC), a longitudinal
record-linkage study of children resident in Stockholm
2001-2011. We linked electronic antenatal care records
for births in Stockholm (from the medical journal system
Obstetrix [32]) available from January 1, 2007, to Decem-
ber 31, 2010, to other healthcare and administrative reg-
isters, including the Medical Birth Register (MBR), for
individuals within the SYC [33].

Of the 88,470 children (76,731 mothers) with births
recorded 2007-2010 in Obstetrix, 636 (0.72%) chil-
dren had no maternal random capillary glucose (RCG)
records. Children were followed up until December
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31, 2016. We excluded children who were residents in
Sweden for less than 5 years or had no information on
the length of residence, from multiple births, diagnosed
with both an NDC and congenital malformations or
inborn errors of metabolism (under the assumption that
these outcomes were due to the documented genetic
condition), or exposed to maternal pregestational dia-
betes (Additional file 1, Fig S1). For each RCG record,
we excluded extreme RCG recordings outside the range
of 2.8-33.3 mmol/l (which are associated with acute
clinical effects [34]), those without a date recorded at
sampling, or those where the difference between the
index RCG record and the previous RCG record was
higher/lower than 10 mmol/l (representing extreme val-
ues greater than the 0.6™ centile of the RCG differences
observed, suggesting potential measurement or record-
ing error). To prepare the dataset for GBTM, we set four
time intervals for sampling (see “Exposure” below and
Additional file 1, Fig S2) and excluded those with RCG
missing in more than one interval (n=7047, or 8.5% of
the otherwise eligible population). Ethics approval was
obtained from the Stockholm regional ethical review
committee (DNR 2010/1185-31/5, 2016/987-32).
Informed consent was not required for the analysis of
anonymized register data.

Exposure
The recommended monitoring schedules for antenatal
clinics in Stockholm for the relevant time period sug-
gested monitoring RCG levels at five time points over
the course of pregnancy, including the first visit (i.e.,
10-12, 25, 29, 33, and 37 wkGA) [35]. We aimed to cap-
ture RCG values within each of four defined time inter-
vals: <20, >20-28,>28-34, and > 34wkGA. The rationale
was the following: (1) <20 wkGA captures glucose levels
in early pregnancy, during which higher glucose may rep-
resent hyperglycemia first detected during pregnancy. (2)
Physiologically, insulin resistance significantly increases
around 24 wkGA in pregnancy, which may lead to hyper-
glycemia among those with insufficient insulin secre-
tory capacity to maintain euglycemia [36]. We provided
a buffer time of 4 weeks before and after this week to
capture the measurements surrounding this time point
which results in a category of>20-28 wkGA. (3) We
divided the third trimester at 34 wkGA which resulted
in two groups,>28-34 (early third trimester), and >34
wkGA (late third trimester). Detailed information on
RCG measurements during the entire pregnancy in our
study was presented in Additional file 1, Table S1.
Because RCG is strongly correlated with the time inter-
val between food intake and testing, we observed an over-
all pattern of RCG levels at different testing hours with
a peak at 8:00 and a nadir at 12:00, and a peak at 13:00
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and a nadir at 17:00 (Additional file 1, Fig S2). Therefore,
we standardized the RCG levels into z-scores according
to testing hour (Additional file 1, Fig S3), with the origi-
nal RCG values in relation to the standardized z-scores
shown in Additional file 1, Table S2. If women had RCG
measured at multiple time points within an interval, we
calculated the average RCG z-score for each gestational
interval. The median frequency of measurements during
each time interval was 1 (interquartile range [IQR]:1-1),
1(1-2),2 (1-2), and 1 (1-2), respectively, in line with the
recommended monitoring schedules [35].

Obstetric and neonatal outcomes

Obstetric and neonatal outcomes (Additional file 1,
Table S3) were ascertained from (1) the Obstetrix sys-
tem: gestational week-standardized total gestational
weight gain z-scores (ZGWG), according to the Swed-
ish standard [32], rate of gestational weight gain in the
second trimester (RGWG-T2), in the third trimester
(RGWG-T3); (2) the National Patient Register and MBR
using International Classification of Diseases-10th revi-
sion (ICD-10): gestational hypertensive diseases, long
labor time, obstructed labor, neonatal birth trauma,
and neonatal hypoglycemia; (3) the MBR only: preterm
birth (<37wkGA), size for gestational age (i.e., small for
gestational age [SGA], large for gestational age [LGA]),
macrosomia (birthweight>4500 g), mode of delivery
(unassisted vaginal delivery, induced vaginal delivery,
assisted vaginal delivery, and cesarean section), Apgar-
score<?7 at 5-min; and (4) the Prescription Drug Reg-
ister using Anatomical Therapeutic Chemical codes:
antidiabetic treatments (i.e., glibenclamide/glyburide;
metformin; insulin).

Children’s neurodevelopmental conditions

Diagnoses of autism, ID, and ADHD were ascertained
in SYC from all potential pathways to care in Stockholm
County [33, 37, 38] (Additional file 1, Table S3). Services
for children with NDCs are provided by services run by,
or contracted by, Stockholm County and are available
free of charge. Developmental surveillance is performed
by specially trained child healthcare center nurses at reg-
ular intervals. Diagnostic evaluations are made by profes-
sional teams, typically consisting of at least a psychologist
and a medical doctor at child pediatric or mental health
services. ICD-10 diagnostic codes were used to identify
the diagnoses: F84 for autism, F70-F79 for ID, and F90
for ADHD. The Prescription Drug Register was used to
identify additional cases of ADHD when the child was
prescribed with Methylphenidate or atomoxetine [38].
Our primary outcomes were “any autism’, “any ID’, “any
ADHD’, and “any NDCs” when the child had any one of
the diagnoses. As NDCs often co-occur with each other
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[6, 18], we generated three mutually exclusive outcomes,
namely “only autism’; “only ADHD’, and “autism with
ADHD” (Additional file 1, Fig S4). We did not have suffi-
cient power to examine mutually exclusive diagnoses that
included ID, due to the proportionally lower number of
ID diagnoses compared to autism and ADHD.

Covariates

The selection of potential confounders was based on
previous studies that identified factors which have been
associated with both exposure and outcomes, includ-
ing the child’s sex [39], birth year [6], maternal age [1, 6],
maternal education level [6, 40], maternal BMI measured
in early pregnancy [1, 6], maternal birth region [40, 41],
maternal psychiatric care before the birth of the index
child [6], and parity [1] (Additional file 1, Table S3).
Information on the earliest timing of OGTT, receipt of
anti-diabetic treatment, and the diagnosis of GDM is also
presented in Table 1, though not considered in the analy-
sis as a confounder.

Statistical analysis

Stata 16.0 was used for data analysis. Group-based trajec-
tory modeling (GBTM) was performed using the Stata
Plugin “traj” with a censored normal modeling. Average
RCG z-scores for the four defined time intervals were
used to identify individuals following approximately the
same pattern over time. GBTM is based on the assump-
tion that the population is composed of distinct groups
or patterns that can be identified to show a different
underlying trajectory over time. It further assumes that
there is no variation between individuals within the
same group [42]. Maximum likelihood was used for the
estimation of the model parameters. Individuals with
some missing longitudinal data values are included in
the analysis using full information maximum likelihood
(FIML) [43]. Models capture both trajectory shape and
individual membership in relation to different groups.
We balanced information from model fit indices (e.g.,
Bayesian information criteria [BIC] and entropy) with
previously defined criteria for model adequacy [43]. We
first assessed the best-fitting model using BIC after fit-
ting different permutations of polynomials (from linear,
quadratic to cubic, and from 1 to 6 groups). Though a
higher BIC value (less negative) was preferred, we also
required the following [43]: (1) reasonable sample size for
each group (over 1000 observations); (2) narrow confi-
dence intervals in post-estimation plotting; (3) close cor-
respondence between the estimated probability of group
membership and the proportion assigned to that group
based on the posterior probability of group membership;
(4) the average of the posterior probabilities of group
membership exceeds a minimum threshold of 0.7; (5)
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the odds of correct classification based on the posterior
probabilities of group membership exceed 5. Detailed
information on model selection was described in Addi-
tional file 1, Supplemental Methods [44—46], Tables
S4-S5, Figures S5-S6. To achieve global maxima, after we
ran the final selected model, we generated a new matrix
of random start values using 0.002 as the amount of vari-
ability and reran the model with 10,000 iterations. We
reported the results of GBTM according to the GRoLTS-
Checklist for reporting on latent trajectory studies [47]
(Additional file 2). After conducting the GBTM, we used
“trajplot” in Stata to plot the trajectory groups. We then
randomly selected 110 observations from each group and
created a spaghetti plot with exact RCG z-scores.

The characteristics of the five trajectory groups were
compared using the x? tests for proportions, ANOVA
tests for means, and Kruskal-Wallis tests for medians.
No adjustments were made for the purpose of descrip-
tion. Statistical significance was defined as P<0.05.

The odds ratios (ORs) and 95% confidence intervals
(CIs) were calculated for the associations between dif-
ferent trajectory groups and both obstetric/neona-
tal complications and children’s NDC outcomes using
generalized estimating equation (GEE) models with
logit link clustered on maternal identification number.
We replaced the missing values in confounders with
a dummy category. For model 1, we adjusted for birth
year and child’s sex. For model 2, we further adjusted for
maternal age, education level, BMI, birth region, and par-
ity, with maternal psychiatric history included in model 2
only when analyzing associations with NDCs.

In both Model 1 and Model 2 for obstetric/neonatal
and NDC outcomes, we employed the Benjamini-Hoch-
berg (BH) procedure [48] for controlling the false discov-
ery rate (FDR) which entailed the correction of p-values
in the context of multiple comparisons, thereby facilitat-
ing efficient control of the FDR.

Sensitivity analysis

The Stata “traj” plugin uses FIML to handle missing val-
ues. To investigate the influence of missing values dur-
ing different time periods on the model’s parameter
estimation and adequacy, we dropped observations with
missing values or replaced them with extreme values
(the smallest and largest values) during certain periods
and replicated the analysis. To disentangle the effect of
overweight/obesity in the associations with different
outcomes, we further excluded those with overweight/
obesity and replicated our analyses. Furthermore, to
investigate if the associations with offspring NDCs could
be influenced by gestational hypertensive diseases, we
excluded those exposed to gestational hypertensive dis-
eases and replicated our analyses.
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Results

Population characteristics

Our final study sample included 76,228 children born
to 68,768 mothers. GDM was diagnosed in 219 (0.3%)
of the observed pregnancies. At the end of follow-up,
the median age of the children was 7.6 (IQR 6.7-8.4)
years old, among whom 1465 (1.96%) were diagnosed
with autism, 1758 (2.34%) with ADHD, and 404 (0.55%)
with ID (Table 1). Compared to those excluded because
of missing RCG values, those included in the final sam-
ple had lower proportions of NDCs and overweight/
obese mothers, and higher proportions of well-educated
and Nordic-born mothers (Additional file 1, Table S6).
Of those included, 5.84%, 3.93%, 5.24%, and 9.44% were
missing maternal RCG values within the time intervals
0f <20,>20-28,>28-34, and>34 wkGA, respectively.
71.5% children had complete records for maternal RCG
across the four time intervals. Those missing RCG dur-
ing each time interval differed from with observations,
with patterns specific to each time interval (Additional
file 1, Table S7). For example, children missing >34 wkGA
measurements were more likely to be born preterm
compared to those with measurements (26.4% vs. 0.9%,
P<0.001), and children with missing values in the <20
and > 34 wkGA intervals were more likely to be diagnosed
with an NDC compared to those without missing values
(4.7% vs. 3.7% [P=0.002] and 4.5% vs. 3.7% [P<0.001],
respectively). Children who were affected by NDCs dif-
fered from those unaffected in all covariates, except mac-
rosomia, patterns of OGTT screening, and neonatal birth
trauma (Additional file 1, Table S8).

Trajectory model selection

Our final model ultimately consisted of 5 groups with
5 cubic trajectories, as shown in Fig. 1A. Additional
information on the parameter estimations, variance—
covariance matrix, matrix of misclassification errors
and model adequacy can be found in Additional file 1,
Supplementary Methods, Table S9-12. Our final model
had a reasonable sample size for each group (over 1000
observations) and narrow confidence intervals in post-
estimation plotting (Fig. 1A) with good correspondence
between trajectory groups and observed patterns of glu-
cose measurements (Fig. 1C). We observed close corre-
spondence between the estimated probability of group
membership and the proportion assigned to that group
based on the posterior probability of group member-
ship. The average of the posterior probabilities of group
membership exceeded a minimum threshold of 0.7, and
the odds of correct classification based on the posterior
probabilities of group membership exceeded 5 for most
of the groups, except for Group 1 (“Persistently Low”).
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Patterns of distinct glucose trajectory groups

Group 1 (referent group, “Persistently Low”) included
53,164 observations (64.9% of the cohort) with rela-
tively low and stable maternal RCG levels through-
out pregnancy. Group 2 (“Moderate”) included 17,319
observations (25.6%) with a slightly higher maternal
RCG at the baseline compared to Group 1 that slowly
increased throughout pregnancy without an obvi-
ous peak, indicating a moderately higher RCG level,
more likely to represent a subclinical hyperglycemic
state. Group 3 (“High in Early Pregnancy”) included
3178 observations (5.2%) with a high maternal RCG at
baseline followed by a steep decrease from 20 wkGA
until the end of pregnancy. Group 4 (“High in Mid-
Pregnancy”) included 1461 observations (2.5%) with
a slightly higher baseline maternal RCG compared to
Group 1, followed by a sharp increase between 20 and
28 wkGA with a return to baseline level afterwards.
Group 5 (“Persistently High”) included 1106 observa-
tions (1.7%) with a relatively high maternal RCG at the
baseline, reaching a peak in the early third trimester
followed by a slight drop at the end of pregnancy.

Characteristics of the distinct glucose trajectory groups

The proportions of maternal obesity varied in the trajec-
tory groups, with 10.5%, 9.9%, 12.7%, and 21.3% in Group 2
(“Moderate”), Group 3 (“High in Early Pregnancy”), Group
4 (“High in Mid-Pregnancy”), and Group 5 (“Persistently
High”), respectively (p<0.001; Table 1). The proportion of
Nordic-born mothers was 77.3% in Group 1, decreasing to
68.3%, 68.3%, 60.6%, and 47.9% in Groups 2 to 5, respec-
tively (p<0.001). Similarly, the proportion of women with
pre-high school education in Group 1 was 9.8%, increasing
to 11.9%, 11.0%, 15.2%, and 18.7% in Groups 2 to 5, respec-
tively (p<0.001). The rates of weight gain in trimesters 2
and 3 differed across different trajectory groups (p<0.001
for both trimesters), with the lowest rate of weight gain in
both trimesters and the lowest total weight gain z-scores
observed in Group 3 (“High in Early Pregnancy”). In
Group 1, the proportion of GDM was 0.03%, while the
proportions were 0.2%, 0.8%, 2.5%, and 9.2% in Groups 2
to 5, respectively. In Group 1, the proportion of OGTT
referral was 1.5%, while the proportions were 3.8%, 7.0%,
12.7%, and 24.4% in Groups 2 to 5, respectively (Table 1).
The proportion of individuals receiving antidiabetic treat-
ments was generally low across different trajectory groups,
though the proportion of those receiving treatment and
the timing of the treatment did seem to vary across the
groups. In Group 1, the proportion of antidiabetic treat-
ment was 0.1%, which was similar to the proportion in
Group 2. However, the proportions increased to 0.5%,
0.7%, and 4.6% in Groups 3 to 5, respectively. Women in
Group 3 (“High in Early Pregnancy”), which had a drop in
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Fig. 1 RCG z-score trajectory groups throughout pregnancy. A RCG z-score trajectory groups throughout pregnancy. B Proportions

of Gestational diabetes mellitus in each trajectory group C To visualize the accuracy of assignment, Lasagne plots depicting the observed ZRCG
throughout pregnancy for 110 randomly selected pregnancies from each trajectory group (restricted to aid the clarity of the plot) were compared

to post-estimation plots

glucose level after hyperglycemia identified <20 wkGA,
were more likely to be treated in early pregnancy (<20
wkGA). Women in Group 4 (“High in Mid-Pregnancy”),
which had a drop in glucose level after hyperglycemia
identified >20-28 wkGA, were more likely to receive
antidiabetic treatments during the early third trimester.
Finally, women in Group 5, which had a peak in early third
trimester between >28-34 wkGA followed by a slight drop
in RCG level, were more likely to receive treatment after
28 wkGA.

Maternal glucose trajectory groups and obstetric

and neonatal outcomes

Maternal outcomes

Compared to Group 1 (“Persistently Low”), Group 2
(“Moderate”) was not associated with gestational hyper-
tensive diseases, or induced vaginal delivery, but was
associated with assisted vaginal delivery (OR 1.08, 95%
CI 1.02-1.15, P=0.013), cesarean section (OR 1.15, 95%
CI 1.10-1.20, P<0.001), long labor time (OR 1.14, 95% CI
1.02-1.28, P=0.023), and obstructed labor (OR 1.45, 95%
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CI 1.22-1.71, P<0.001). However, all these associations
remained significant after accounting for FDR except for
the long labor time.

Group 3 (“High in Early Pregnancy”) was not asso-
ciated with gestational hypertensive diseases, induced
vaginal delivery, assisted vaginal delivery, or long labor
time, but was associated with cesarean section (OR
1.11, 95% CI 1.01-1.21, P=0.029), and obstructed
labor (OR 1.51, 95% CI 1.07-2.13, P=0.018). However,
neither of the associations remained significant after
accounting for FDR.

Group 4 (“High in Mid-pregnancy”) was not associated
with induced vaginal delivery, assisted vaginal delivery,
long labor time, or obstructed labor, but was associated
with gestational hypertensive diseases (OR 1.48, 95% CI
1.20-1.82, P<0.001), and cesarean section (OR 1.24, 95%
CI 1.09-1.40, P=0.001), which remained significant after
accounting for FDR.

Group 5 (“Persistently High”) was not associated with
long labor time but was associated with all the other
maternal outcomes. However, only associations with
gestational hypertensive diseases (OR 1.73, 95% CI 1.40—
2.15, P<0.001), induced vaginal delivery (OR 1.36, 95%
CI 1.12-1.66, P=0.002), cesarean section (OR 1.48, 95%
CI 1.29-1.71, P<0.001), and obstructed labor (OR 2.46,
95% CI 1.62-3.74, P<0.001) remained significant after
accounting for FDR (Fig. 2).

Neonatal outcomes

Compared to Group 1 (“Persistently Low”), Group 2
(“Moderate”) was not associated with increased risk of
5-min Apgar score<7, but associated with all the other
neonatal outcomes. However, only the associations with
SGA (OR 0.74, 95% CI 0.65-0.85, P<0.001), LGA (OR
1.61, 95% CI 1.46-1.77, P<0.001), macrosomia (OR 1.55,
95% CI 1.41-1.71, P<0.001), neonatal birth trauma (OR
1.40, 95% CI 1.23-1.58, P<0.001), and neonatal hypogly-
cemia (OR 1.23, 95% CI 1.09-1.38, P=0.001) remained
significant after accounting for FDR.

Group 3 (“High in Early Pregnancy”) was not associ-
ated with preterm birth, SGA, or 5-min Apgar score<?7,
but associated with LGA, macrosomia, neonatal birth
trauma, and neonatal hypoglycemia. However, only the
association with macrosomia (OR 1.29, 95% CI 1.05—
1.57, P=0.014), neonatal birth trauma (OR 1.42, 95% CI
1.10-1.83, P=0.007), and neonatal hypoglycemia (OR
1.66, 95% CI 1.35-2.05, P<0.001) remained significant
after accounting for FDR.

Group 4 (“High in Mid-Pregnancy”) was not associated
with SGA, neonatal birth trauma, 5-min Apgar score<7,
or neonatal hypoglycemia, but associated with preterm
birth (OR 1.38, 95% CI 1.08-1.77, P=0.011), LGA (OR
2.28, 95% CI 1.79-2.89, P<0.001), and macrosomia (OR

Page 10 of 17

1.65, 95% CI 1.26-2.15, P<0.001). All these associations
remained significant after accounting for FDR.

Group 5 (“Persistently High”) was not associated with
5-min Apgar score<7 but associated with all the other
neonatal outcomes, including preterm birth (OR 1.70,
95% CI 1.32-2.20, P<0.001), SGA (OR 0.56, 95% CI
0.34-0.92, P=0.023), LGA (OR 4.01, 95% CI 3.23-4.99,
P<0.001), macrosomia (OR 2.73, 95% CI 2.13-3.49,
P<0.001), neonatal birth trauma (OR 1.67, 95% CI
1.15-2.41, P=0.007), and neonatal hypoglycemia (OR
2.68, 95% CI 2.08-3.46, P<0.001). All these associations
remained significant after accounting for FDR except for
SGA (Fig. 3).

Maternal glucose trajectory groups and children’s risks

of NDCs

Compared to Group 1 (“Persistently Low”), Group 2
(“Moderate”) was associated with “ADHD only” (OR
1.16, 95% CI 1.01-1.32, P=0.033), but not associated
with any other NDCs. Group 3 (“High in Early Preg-
nancy”) was associated with “Any ID” (OR 1.51, 95% CI
1.01-2.26, P=0.047), “Any ADHD” (OR 1.29, 95% CI
1.03-1.62, P=0.029), and “Autism and ADHD” (OR 1.56,
95% CI 1.03-2.36, P=0.035), but not associated with any
other NDCs. Group 4 (“High in Mid-Pregnancy”) was
not associated with any of these NDCs. Group 5 (“Persis-
tently High”) was associated with “ADHD only” (OR 1.54,
95% CI 1.06-2.24, P=0.024), but not associated with
any other NDCs. However, none of the associations with
NDC outcomes remained significant after accounting for
FDR (Fig. 4).

Sensitivity analysis

After excluding individuals with missing RCG values at
any of the four intervals (N, 4cqa=18,652), we observed
the same pattern for the five trajectory groups (Addi-
tional file 1, Fig S7B), albeit with a better model ade-
quacy (Additional file 1, Table S12). Replacing missing
values with either the smallest or largest values of each
time interval did not significantly change the shape or
adequacy of trajectory models (Additional file 1, Fig
S7C- S7D, and Table S12). After excluding individu-
als with overweight and obese mothers, associations
with obstetric and neonatal outcomes remained broadly
similar to the main findings, except for the associations
with severe outcomes (e.g., gestational hypertensive dis-
ease, preterm birth) and induced vaginal delivery, which
became insignificant after FDR adjustment (Additional
file 1, Table S13). The associations between “Group 3”
and both “Any ADHD” and “Autism and ADHD” became
statistically significant (Additional file 1, Table S13). After
excluding individuals exposed to gestational hypertensive
diseases, the associations with offspring NDCs largely



Chen et al. BMC Medicine

Hypertensive disease
G1 (Persistently Low)

G2 (Moderate)

G3 (High in Early Preg.)
G4 (High in Mid-Preg.)
G5 (Persistently High)

Induced vaginal
G1 (Persistently Low)

G2 (Moderate)

G3 (High in Early Preg.)
G4 (High in Mid-Preg.)
G5 (Persistently High)

Assisted vaginal
G1 (Persistently Low)

G2 (Moderate)

G3 (High in Early Preg.)
G4 (High in Mid-Preg.)
G5 (Persistently High)

Caesarean section
G1 (Persistently Low)

G2 (Moderate)

G3 (High in Early Preg.)
G4 (High in Mid-Preg.)
G5 (Persistently High)

Long labour
G1 (Persistently Low)

G2 (Moderate)

G3 (High in Early Preg.)
G4 (High in Mid-Preg.)
G5 (Persistently High)

Obstructed labour
G1 (Persistently Low)

G2 (Moderate)

G3 (High in Early Preg.)
G4 (High in Mid-Preg.)
G5 (Persistently High)

(2023) 21:260
OR (95% ClI)
I
I
® Ref.
¢
IS 1.04 (0.96-1.12)
¢ 0.98 (0.91-1.07)
]1 1.04 (0.89-1.23)
| 1.08 (0.91-1.28)
| o 1.54 (1.26-1.88)
| < 1.48 (1.20-1.82)
| o  1.98(1.61-2.44)
: <% 1.73(1.40-2.15)
I
é Ref.
23
k 1.07 (1.00-1.13)
] 1.01 (0.95-1.07)
1.12 (0.99-1.27)
F 1.06 (0.94-1.20)
lo- 1.22 (1.02-1.45)
- 1.11 (0.93-1.33)
I o 1.63(1.35-1.98)
}+ 1.36 (1.12-1.66)
I
é Ref.
&
]C 1.10 (1.03-1.16)
i 1.08 (1.02-1.15)
° 0.99 (0.87-1.12)
° 1.11 (0.97-1.28)
o 1.13 (0.94-1.35)
o 1.16 (0.95-1.40)
o 1.28 (1.04-1.58)
}-v 1.26 (1.01-1.59)
I
i Ref
I
|0 1.22 (1.17-1.28)
© 1.15 (1.10-1.20)
lo 1.13 (1.03-1.23)
3 1.11 (1.01-1.21)
lo 1.34 (1.18-1.51)
}0 1.24 (1.09-1.40)
| e 1.76(1.54-2.02)
R 1.48 (1.29-1.71)
I
|
; Ref.
lo 1.20 (1.07-1.34)
° 1.14 (1.02-1.28)
- 0.95 (0.74-1.22)
-«]b- 1.05 (0.81-1.35)
LV 1.23 (0.89-1.71)
J]o— 1.16 (0.83-1.61)
|——  1.51(1.08-2.12)
o 1.33 (0.94-1.88)
I
I
; Ref.
| o 1.54 (1.30-1.82)
| < 1.45 (1.22-1.71)
lo—  1.47(1.04-2.07)
}—0— 1.51 (1.07-2.13)
|—o—  1.67 (1.05-2.66)
o—  155(0.97-2.47)
| —e— 2.89 (1.92-4.35)
| —o— 2.46(1.62-3.74)
ﬁ_'_|ﬁ_l_
51 235
° °

Model 1 Model 2

0.351
0.691

0.604
0.367

BH-P

0.460
0.801

0.690
0.524

<0.001 <0.001

<0.001

0.001

<0.001 <0.001
<0.001 <0.001

0.041
0.835

0.071
0.356

0.030
0.260

0.078
0.915

0.123
0.521

0.061
0.408

<0.001 <0.001

0.002

0.003
0.013

0.833
0.123

0.199
0.142

0.022
0.041

0.008

0.010
0.044

0.889
0.224

0.306
0.252

0.050
0.092

<0.001 <0.001
<0.001 <0.001

0.007
0.029

0.021
0.073

<0.001 <0.001

0.001

0.004

<0.001 <0.001
<0.001 <0.001

0.001
0.023

0.695
0.720

0.203
0.380

0.016
0.105

0.006
0.066

0.783
0.820

0.306
0.533

0.039
0.200

<0.001 <0.001
<0.001 <0.001

0.028
0.018

0.030
0.066

0.059
0.057

0.061
0.135

<0.001 <0.001
<0.001 <0.001

Page 11 of 17

Fig. 2 Odds ratios (ORs) and 95% confidence intervals (Cls)

for the associations between maternal RCG z-score trajectory

groups and maternal outcomes. GEE model, clustered on maternal
identification numbers. Model 1: adjusted for child’s sex, birth year.
Model 2: adjusted for model T and maternal birth region, maternal
age, maternal education level, maternal BMI, and parity. P-values
after applying the Benjamini-Hochberg (BH) procedure for controlling
FDR are presented

remained similar to the main findings (Additional file 1,
Table S14).

Discussion

We observed five distinct patterns of glucose trajecto-
ries throughout pregnancy. Higher odds of obstetric and
neonatal complications were not only associated with the
“Persistently High” group, but also with the “Moderate,’
“High in Early Pregnancy,” and “High in Mid-Pregnancy”
groups to differing degrees compared to the referent
“Persistently Low” group. These trajectory groups, except
for the “High in Mid-Pregnancy” group, were also associ-
ated with increased children’s odds of NDCs in the long
term, though none of these associations remained statis-
tically significant after accounting for FDR.

Interpretation of findings

Previous research on maternal hyperglycemia and related
risks primarily focused on clinical GDM diagnosis.
Although some studies linked subclinical glucose lev-
els to obstetric/neonatal complications, they relied on
single-point measurements [5, 49, 50]. One study found
associations between high fasting glucose trajectories
and perinatal outcomes (i.e., LGA and macrosomia)
[51]. However, no studies, to our knowledge, explored
the association between glucose trajectories across preg-
nancy and children’s NDC risk.

Group 2, featuring subclinical hyperglycemia with glu-
cose levels ranging from 0 to+ 1 standard deviation (SD),
and low GDM diagnosis rate, still indicated raised risks
of fetal overgrowth and birth complications, albeit not
severe complications (e.g., gestational hypertensive dis-
eases and preterm birth), consistent with the associations
observed for mid-pregnancy glucose levels reported in
the HAPO study [5]. Even after excluding overweight/
obese mothers, these associations remained, emphasizing
that persistent subclinical hyperglycemia could influence
fetal growth and birth even in a low-risk group. Given
IADPSG’s GDM diagnostic cut-offs, this group might be
overlooked in clinical settings, yet clinical trial reviews
indicate dietary advice and glucose monitoring can miti-
gate macrosomic and LGA babies in this group without
raising operation rates [52]. However, current GDM
diagnostic criteria necessitate updated clinical trials [53].
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Fig. 3 Odds ratios (ORs) and 95% confidence intervals (Cls)

for the associations between maternal RCG z-score trajectory groups
and neonatal complications. GEE model, clustered on maternal
identification numbers. Model 1: adjusted for child’s sex, birth year.
Model 2: adjusted for model T and maternal birth region, maternal
age, maternal education level, maternal BMI, and parity. P-values
after applying the Benjamini-Hochberg (BH) procedure for controlling
FDR are presented

Therefore, expectant mothers with moderately high glu-
cose levels, typically undiagnosed with GDM, need clini-
cal attention and potential lifestyle interventions.

Early pregnancy hyperglycemia (Group 3), marked by a
glucose peak near+2 SD, could be due to overt diabetes
first identified in pregnancy [23]. The weight gain rates
in this group, suggesting response to early pregnancy
interventions, were not as high as in other groups. This
group did not display increased risk for severe outcomes
like gestational hypertensive diseases or preterm birth,
indicating early glucose management benefits. Macroso-
mia and neonatal hypoglycemia risks persisted even after
excluding overweight/obese mothers. Potential mecha-
nisms might involve early onset fetal hyperinsulinemia
influencing fetal glucose uptake, which could potentially
mask a GDM diagnosis [54]. Mitigating fetal hyperinsu-
linemia effects in cases of early hyperglycemia may be
challenging [54].

Mothers with high RCG levels peaking above+2 SD
in mid-pregnancy (Group 4) showed increased odds for
several complications, though less than persistently high
RCG group, underscoring potential benefits of glucose
management after high mid-pregnancy levels detection.
Previous studies showed that optimal GDM management
can reduce perinatal complications like preeclampsia [30]
and preterm birth [29]. Mid-pregnancy-focused screen-
ing programs could detect this group effectively as well
as those with persistently high levels. Our results dis-
tinguished risk levels for persistently high glucose levels
from transiently high mid-pregnancy levels, revealing
higher risks in the former, adding nuance to the insights
provided by studies which focus on mid-pregnancy [5].
Even after excluding overweight/obese mothers, LGA
and macrosomia associations persisted, suggesting mid-
pregnancy hyperglycemia can influence fetal growth,
even with later glycemic control.

The “Persistently High” group (Group 5), with glu-
cose levels on average initially at+1 SD and escalating
beyond+2 SD in late pregnancy, showed the highest
associations with obstetric and neonatal complications.
These observations aligned with the known risks of
slightly elevated glucose levels and overt GDM (though
less than 10% of mothers in this group were diagnosed
with GDM) [5]. These risks regarding fetal overgrowth
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Fig. 4 Odds ratios (ORs) and 95% confidence intervals (Cls)

for the associations between maternal RCG z-score trajectory
groups and NDCs in offspring. GEE model, clustered on maternal
identification numbers. Model 1: adjusted for child’s sex

and birth year. Model 2: adjusted for model 1 and maternal birth
region, maternal age, maternal education level, maternal BMI,
maternal psychiatric history, and parity. P-values after applying
the Benjamini-Hochberg (BH) procedure for controlling FDR are
presented

and birth complications persisted even when mothers
with overweight/obesity were excluded. Despite this,
only 4.6% received antidiabetic treatments, mostly post-
28 wkGA, which aligned with a minor drop in RCG lev-
els. Therefore, for this group, earlier monitoring and
intervention may be crucial.

None of the associations with offspring NDCs
remained significant after FDR corrections given our
small sample size in which to study rare NDC outcomes.
Here we cautiously note several associations that are
consistent with previous findings in the literature for
overt GDM diagnoses that warrant further exploration
in larger studies. Both Group 2 (0 to+1 SD glucose lev-
els) and Group 5 (+1 SD early, above +2 SD late) showed
“ADHD only” associations, more so in Group 5. These
findings aligned with prior GDM studies and Xiang
et al’s increased ADHD risk with medicated GDM (con-
sidered as a marker of severe GDM), though the efficacy
of treatment was unclear [13]. Group 4 had no NDC
associations, implying mid-pregnancy glycemic con-
trol’s benefits to fetal neurodevelopment. However, we
observed signals indicating that early pregnancy hyper-
glycemia was associated with NDCs despite subsequent
glycemic control, including an association after excluding
those with maternal overweight/obesity. Mechanisms to
explain an association between maternal hyperglycemia
and children’s risks of NDCs remain unclear but may be
related to diabetic embryopathy [16] or perinatal com-
plications. While our study detected risks for perinatal
complications associated with different maternal glu-
cose trajectories, we lacked power for formal mediation
analyses.

Methodology considerations for GBTM

GDM links to both short-term and long-term compli-
cations, making glucose trajectories vital as they offer
insight into hyperglycemia’s timing, severity, and con-
trol. We used GBTM, a suitable tool that studies these
patterns without trajectory distribution assumptions,
given that such trajectories have never been studied
before. Previous studies have reported that the selection
of trajectory groups and population distribution across
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different classes were relatively robust across different
software packages [55], though we only used a single
software package. This model, frequently used in clinical
research [43], recognizes different developmental courses
of disease and does not assume a one-size-fits-all model.
Such taxonomy primarily highlights differences in causes
and outcomes of varying developmental trajectories,
rather than implying entirely distinct population groups.
However, GBTM has limitations [55, 56], such as assum-
ing constant change rate and similar trajectory within
a cluster. The Latent Growth Mixture Model (LGMM)
offers another approach to identify trajectories, providing
evaluation of individual-level variance within each trajec-
tory, though it has more convergence issues and is more
computationally demanding [47]. The choice between
LGMM and GBTM depends on the scenario [57].

Vermunt et al. suggested a three-step approach to
improve the prediction of class membership by incor-
porating misclassification errors in group membership
[58]. To simplify, we used GEE models to investigate
associations, adjusting for confounders and correct-
ing for clustering of different children within the same
mother instead of including outcomes and covariates in
the GBTM and assessing risks of outcomes through post-
estimation as would be done in a three-step approach.
These models correct the standard error for cluster-
ing of different children within the same mother and
are adjusted for potential confounders. However, our
approach does not take misclassification errors into
account during further analysis for different outcomes of
interest, which is a limitation of this study and should be
considered in future studies. A previous study demon-
strated that the one-step approach is as efficient as the
three-step method for model entropies of 0.6 or higher,
with comparable results when entropy exceeds 0.80 [59].
We followed Nagin et al’s criteria for model selection in
GBTM [43], achieving a near-adequate fit with mismatch
rates between 0.3 and 4.8%. The observed misclassifica-
tion errors may drive associations towards null. However,
the missing RCG values had minimal impact on model
fitting.

Strengths and limitations

This is the first study, to our knowledge, investigating
glucose patterns throughout pregnancy and their related
complications in mothers and children. We are una-
ware of any studies of risks of offspring NDCs in relation
to maternal glucose measurements. Utilizing regional
antenatal care records in our large register linkage, we
obtained detailed information about maternal RCG levels
and confounders collected prospectively relative to the
outcomes, for a total population sample. While OGTT
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tests are the gold standard for insulin resistance, their
longitudinal use at multiple antenatal visits is impractical.
We used RCG instead, offering a continuous pregnancy-
wide glucose variance rather than a single point measure-
ment. While the quality and timing of the last food intake
impact RCG levels, this was mitigated by standardizing
RCG values. By excluding overweight or obese subjects
in sensitivity analyses, we focused on hyperglycemia’s
effects, disentangling the impact of overweight/obesity in
associations.

Our findings should be interpreted in light of several
limitations. Excluding women with RCG measurements
missing in more than one time frame yielded a sample
skewed towards Nordic-born mothers, prompting a need
for replication in diverse populations to verify the gener-
alizability of our findings. The study’s limited sample size
prevented us from assessing confounding familial factors
(e.g., genetics and environment) with sibling compari-
sons, as only 19% of the children had siblings born within
the same range of years when data were available. Adjust-
ing for maternal birth region [60], pregestational BMI
[9, 12], and maternal psychiatric history as proxies for
genetic liability has likely partially addressed these issues,
though this remains a key issue to address in future
studies.

In this study, we only included information on anti-
diabetic treatments to explain potential glycemic con-
trol in different trajectory groups but did not adjust for
it because few women were treated with antidiabetic
medications. Our inability to source information on
nutritional or lifestyle interventions limited our interpre-
tation of results, especially for groups who experienced
elevated blood glucose levels followed by lower levels
later in pregnancy. We suspect glucose drops are due to
intentional control and interventions rather than physi-
ological changes, given the increasing insulin resistance
during pregnancy [61, 62].

While most obstetric/neonatal outcomes followed glu-
cose variance identification, we could not determine the
temporal relationship for some outcomes, like gestational
hypertensive diseases. Even though hyperglycemia and
hypertensive diseases might share common causes [63,
64], their causal relationship was not well-established.
However, after excluding those with gestational hyper-
tensive diseases, the associations between glucose tra-
jectories and offspring NDCs were consistent with our
primary findings.

While we set criteria for the minimum size of each
trajectory group, linking the groups with proportionally
fewer mothers to relatively rare NDC outcomes in chil-
dren could introduce statistical power issues in assessing
these associations. Some outcomes were broadly defined
by combining sub-diagnoses, like obstructed labor due to
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various causes, as we lacked adequate power to investi-
gate each sub-diagnosis. Despite children being of diag-
nosable age by the end of follow-up, the study’s follow-up
time was less than ideal for register-based studies of
NDCs, as past studies indicated lower NDC diagno-
ses in 7- to 9-year-olds compared to adolescents [6, 33].
Although the study detected an increased risk of perina-
tal complications and some NDC outcomes, it lacked the
power for formal mediation analyses, suggesting the need

for future studies with larger sample size.

Conclusions

In summary, the associations between glucose trajectories
indicating maternal hyperglycemia and the risks of short-
term obstetric/neonatal complications and long-term
NDC s in children depend on the severity, duration, tim-
ing of occurrence, and effective control of hyperglycemia
during pregnancy. Our study highlights the importance
of monitoring and controlling maternal glucose lev-
els throughout pregnancy, as elevated levels at different
stages may have different impacts on maternal and chil-
dren’s outcomes. It also underscores the need for careful
obstetric management in cases of moderately elevated
glucose levels during pregnancy, which can complicate
fetal growth and birth. Furthermore, the study highlights
the importance of adopting individualized management
approaches for women with different glucose trajectories

during pregnancy, considering their specific risk profiles.
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