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Abstract
Background: Studies suggest maternal weight and weight gain during pregnancy may 
influence foetal immunological development. However, their role in the aetiology of 
allergic disease is unclear.
Objectives: We sought to examine the impact of maternal pre- pregnancy body mass 
index (BMI) and gestational weight gain (GWG) on the incidence of four common pae-
diatric allergic diseases.
Methods: We conducted a retrospective, population- based cohort study of all singleton 
live births in Ontario, Canada between 2012 and 2014, using maternal- newborn records 
from the provincial birth registry linked with health administrative databases. Neonates 
were followed up to 7 years for anaphylaxis, asthma, dermatitis and rhinitis, identified 
through validated algorithms based on healthcare encounters. We multiply imputed miss-
ing data and employed Cox proportional- hazards models to calculate adjusted hazard ra-
tios (aHR) with 95% confidence intervals (CI). To test the robustness of our findings, we 
also conducted several sensitivity analyses, including probabilistic bias analyses for expo-
sure and outcome misclassification. All methods were prespecified in a published protocol.
Results: Of the 248,017 infants followed, 52% were born to mothers with a pre- 
pregnancy BMI in the normal range and only 19% were born to mothers with adequate 
weight gain during pregnancy. Incidence rates (per 100,000 person- days) for anaphylaxis, 
asthma, dermatitis and rhinitis were 0.22, 6.80, 12.41 and 1.54, respectively. Compared 
with normal BMI, maternal obesity was associated with increased hazards of asthma in 
offspring (aHR 1.08, 95% CI 1.05, 1.11), but decreased hazards of anaphylaxis (aHR 0.83, 
95% CI 0.69, 0.99) and dermatitis (aHR 0.97, 95% CI 0.94, 0.99). In contrast, maternal un-
derweight was associated with increased hazards of dermatitis (aHR 1.06, 95% CI 1.02, 
1.10). We found no associations between pre- pregnancy BMI and rhinitis or GWG and 
any allergic outcome, and no evidence of effect measures modification by infant sex.
Conclusions: These findings provide support for the involvement of maternal pre- 
pregnancy BMI in paediatric allergic disease development.
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1  |  BACKGROUND

Globally, trends in allergic diseases have reached epidemic propor-
tions, becoming the most common and earliest- onset chronic mor-
bidities.1 In Canada, approximately 30% of the population suffers 
from at least one allergic disease,2 with even greater prevalence 
among children.3 The greatest burden of allergic disease is among 
children,1 with long- term physical, social and financial implications 
for the child and their family.4– 6 Elucidating the aetiology of these 
diseases is of high public health importance.

Studies suggest that predisposition to allergic disease may be 
programmed in early foetal life by inflammatory environments.7 
Insufficient or excess maternal weight and weight gain during preg-
nancy, now exceedingly common conditions,8,9 lead to persistent 
low- grade inflammation, insulin resistance and metabolic dysregu-
lation.10 In turn, these changes directly affect the intrauterine en-
vironment and can alter the immunological development of the 
foetus,11,12 potentially conferring increased risk of later- life allergy. 
Growing evidence supports this hypothesis, linking pre- pregnancy 
body mass index (BMI) and gestational weight gain (GWG) with the 
risk of common allergic diseases, such as asthma, rhinitis and der-
matitis.13– 28 Nevertheless, previous longitudinal studies have been 
limited by self- reported measures of exposures or outcomes, some-
times recalled years later, homogenous and non- representative sam-
ples, and low response and high attrition rates over follow- up, with a 
consequent high risk of information and selection bias. Furthermore, 
while most focused on asthma alone, less is known about the impact 
of these exposures on other common childhood allergic diseases.

Using population- based health datasets, we aimed to assess the 
relationship between maternal pre- pregnancy BMI and GWG on the 
incidence of anaphylaxis, asthma, dermatitis and rhinitis in offspring. 
We hypothesised that deviations from normal BMI or adequate 
GWG would increase the hazards of these outcomes.

2  |  METHODS

Detailed methods for this study were prespecified in a published 
protocol29 before data access; here, we outline the study methods 
briefly, following the RECORD reporting checklist (completed in 
Supplementary File S1).30 Amendments to the protocol are outlined 
in Supplementary File S2. The study was conducted externally using 
datasets housed at ICES (https://www.ices.on.ca/).

2.1  |  Study design and population

We performed a population- based retrospective cohort study of all 
singleton live births between 1 April 2012 and 31 March 2014 to 
residents of Ontario, Canada. Infants were followed up for between 

5 and 7 years, until outcome diagnosis, death or healthcare ineligi-
bility, or end of the study period (31 March 2019). Maternal weight 
data were not adequately collected for births before April 2012. To 
ensure a sufficient length of follow- up time to ascertain outcome 
development, we limited to births prior to March 2014. We excluded 
records with maternal ages <12 or >50 years, infants who died on 
their date of birth, duplicate records and those that could not be 
linked to other databases (due to invalid linkages or identifiers), in-
fants born to mothers without continuous provincial healthcare 
eligibility throughout pregnancy, and infants who did not have docu-
mented healthcare eligibility within 90 days following birth.

2.2  |  Data sources

The provincial birth registry, the Better Outcomes Registry & 
Network (BORN) Ontario Information System (BIS),31 was used to 
define the birth cohort. The dataset includes maternal- newborn re-
cords for all births of at least 500g and at least 20 weeks of gesta-
tion, as well as clinical and demographic information on the mother 
and birth. Data from the birth registry were recently validated and 
found to have good agreement with data from patient charts.32 The 

Synopsis

Study question

Are maternal pre- pregnancy body mass index (BMI) and 
gestational weight gain (GWG) associated with allergic dis-
ease development in offspring?

What's already known

Previous studies have linked pre- pregnancy BMI and GWG 
with offspring asthma risk. However, their methods have 
been limited by several information and selection biases. 
Further, less is known about the impact of these exposures 
on other childhood allergic diseases.

What this study adds

Our findings provide support for the involvement of pre- 
pregnancy BMI in allergic disease development. Compared 
with normal weight, pre- pregnancy obesity was associated 
with increased hazards of paediatric asthma, decreased 
hazards of dermatitis and anaphylaxis and not associated 
with hazards of rhinitis. In contrast, we found no evidence 
of a link between maternal GWG and allergic disease de-
velopment among offspring.
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cohort was subsequently linked to health administrative databases 
to ascertain outcomes from clinical encounters. We included the 
Canadian Institute for Health Information's Discharge Abstract 
Database (DAD) and National Ambulatory Care Reporting System 
(NACRS), which capture hospital admissions and emergency depart-
ment visits, respectively, the Ontario Health Insurance Plan (OHIP) 
database, which captures ambulatory physician visits, and the Ontario 
Asthma Surveillance Information System (ASTHMA), which cap-
tures asthma diagnoses from the above datasets through a validated 
algorithm.33– 35 We additionally linked the Ontario Marginalization 
Index (ON- MARG) to ascertain neighbourhood- level marginalisation, 
a proxy for socioeconomic status. These datasets were linked using 
unique encoded identifiers and analysed at ICES. Detailed informa-
tion on each database used is included in Supplementary File S2.

2.3  |  Exposure assessment

The exposures for this study were pre- pregnancy BMI and GWG. 
We based our measurement of pre- pregnancy weight on objectively 
measured weight at the first prenatal visit (approximately 12 weeks 
of gestation); of those with any available weight data, 56% had this in-
formation. A correction was applied to these data by subtracting the 
average weight gain in the first trimester,36– 38 in order to estimate 
pre- pregnancy BMI. For the remaining 44% of the study population 
with weight data, we used data ascertained from another health-
care encounter; the proportion of these data that are self- reported 
or measured and the date of healthcare encounter from which they 
originate are not known. Pre- pregnancy BMI was then derived using 
pre- pregnancy weight and height (kg/m2). Observed GWG was 
calculated as the difference between weight at delivery and pre- 
pregnancy weight. To account for gestational length, we ascertained 
accurate pregnancy dating from prenatal ultrasonography,39 which 
is available before 24 weeks’ gestation for 90% of Ontario births,40 
and subsequently calculated expected GWG as recommended the 
first- trimester weight gain + (weekly recommended gain in the sec-
ond and third trimesters × number of gestational weeks beyond the 
first trimester).41 The final exposure variable was calculated as the 
difference between observed and expected GWG.

We categorised both BMI and GWG into clinically relevant 
groupings for comparability with other studies and to facilitate inter-
pretation. BMI was categorised based on World Health Organization 
groupings into underweight (<18.5 kg/m2), normal weight (18.5– 
24.9 kg/m2), overweight (25.0– 29.9 kg/m2) or obese (≥30.0 kg/m2).42 
GWG was categorised based on Institute of Medicine guidelines,43 
accounting for gestational length by calculating the ratio between 
observed and expected GWG. Ratio ranges determined by Guo 
and colleagues were used to categorise GWG into inadequate, ade-
quate or excess weight gain.41 To minimise the influence of extreme 
outliers, most of which can be assumed to be due to data quality 
problems, we winsorised data for pre- pregnancy weight, height and 
weight at delivery below the 0.1th and above the 99.9th percentiles 
before exposures were derived.

2.4  |  Outcome assessment

We used validated algorithms to identify cases of anaphylaxis, 
asthma, dermatitis and rhinitis (Supplementary File S2), which 
were based on diagnostic codes from healthcare encounters. In 
Ontario, the DAD and NACRS databases have been coded using 
the International Classification of Diseases, 10th Revision, Canada 
(ICD- 10- CA) since 2002, whereas the OHIP database is still coded 
using modified ICD- 9 codes. Due to questions surrounding the 
validity of asthma diagnoses in early postnatal life, infants who 
fulfilled study definitions for asthma before the age of 6 months 
were not classified as cases unless a further hospitalisation or out-
patient visit for asthma was detected after 12 months of age.44 In a 
change to our published protocol, we only employed records from 
DAD and NACRS to ascertain anaphylaxis cases; this was done 
because OHIP lacks ICD codes more specific than 3 digits and 
lacks several clinical codes required for the algorithm. Moreover, 
we expect the majority of children suffering from an episode of 
anaphylaxis would likely be seen in urgent or inpatient settings 
(records of which are in NACRS and DAD, respectively) and not in 
primary care.

2.5  |  Statistical analysis

We presented characteristics of the study population overall and 
stratified by exposure group using frequencies with proportions for 
categorical variables and medians with interquartile ranges for con-
tinuous variables. Crude incidence rates, graphically presented using 
cumulative incidence curves, were calculated per 100,000 person- 
days of follow- up for each study outcome by exposure group.

We used Cox proportional- hazards regression models to calculate 
the crude and adjusted associations between maternal pre- pregnancy 
BMI and GWG and time- to- first paediatric allergic outcome, where the 
time to each outcome of interest was censored at the time of death, 
healthcare ineligibility or administratively at the end of the study fol-
low- up period. We accounted for repeated pregnancies using generalised 
estimating equation methods in all our models,45,46 details of which are in 
Supplementary File S2. Results are expressed as adjusted hazard ratios 
(aHR) with 95% confidence intervals (CI). Models were adjusted for the 
minimal sufficient adjustment set prespecified in our protocol29 through 
a directed acyclic graph: maternal age; maternal pre- existing health con-
ditions; maternal smoking alcohol and illicit substance use, and select 
medication use during pregnancy; neighbourhood rurality; neighbour-
hood socioeconomic marginalisation; and parity. As prespecified, results 
are also reported by infant sex in Supplementary File S3. We tested the 
proportional- hazards assumption of the models by calculating the Wald 
test for covariate- time interaction and visually inspecting Schoenfeld re-
sidual plots and log(- log) survival plots. In secondary analyses, we mod-
elled exposures continuously using Cox models with restricted cubic 
splines (detailed methods in Supplementary File S2).

All analyses were conducted in SAS Enterprise Guide version 7.1 
(SAS Institute, Cary, NC).
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2.6  |  Missing data

Before models were fit, we employed multiple imputations by fully 
conditional specification to impute missing data in exposures and 
confounders (M = 10; details in Supplementary File S2).

2.7  |  Sensitivity analysis

We tested the robustness of our results in multiple prespecified sensi-
tivity analyses (detailed methods and results available in Supplementary 
File S4). To evaluate the impact of missing data and residual confound-
ing, we reran our models using a complete- case analysis, compared 
response, complete- case and imputed samples by demographics, and 
additionally adjusted for maternal healthcare utilisation (outpatient 
visits in OHIP) in a 1- year look- back period before the start of the index 
pregnancy among mothers who were continuously eligible for health-
care during that time period. To assess the potential for exposure mis-
classification, we compared complete- case results of mothers whose 
pre- pregnancy weight was measured objectively during the first pre-
natal visit with those whose pre- pregnancy weight was likely to be 
self- reported during healthcare encounters. Finally, we conducted two 
probabilistic bias analyses47 to quantify the impact of non- differential 
outcome and exposure misclassification on our results.

2.8  |  Ethics approval

Ethics approval for this study was granted by the Research Ethics 
Board of the Children's Hospital of Eastern Ontario (protocol No. 
19/14PE) and the ICES Privacy Office (protocol No. 2020 0901 
237 000). Ontario legislation, specifically the Personal Health 
Information Protection Act of 2004, dictates that secondary anal-
yses of routinely collected data do not require individual patient 
consent.

3  |  RESULTS

Of the 275,898 infants born in Ontario between April 2012 and 
March 2014, 248,017 (89.9%) were included in our study population 
after sample and administrative exclusions (Figure 1).

Approximately half of the infants were born to overweight or 
obese mothers and a third to mothers who gained excess weight, 
though missingness in both exposures was high (Table 1). Nearly all 
infants were censored due to the end of follow- up or loss of health-
care eligibility, while few were censored due to death (Table 1). The 
median follow- up time was close to 6 years. Similar distributions of 
baseline characteristics of the study population were found after 
stratification by exposures (Tables S4 and S5).

After follow- up, 1184 (0.5%) infants were diagnosed with ana-
phylaxis, 33,336 (13.4%) with asthma, 54,119 (21.8%) with dermatitis 

and 8076 (3.3%) with rhinitis (Table 1). Crude incidence rates were 
highest for dermatitis, followed by asthma, rhinitis and anaphylaxis 
(Table 2). Additional results, including cumulative incidence plots 
stratified by exposure group and infant sex (Figures S2, S3 and S4), 
are available in Supplementary File S3.

In adjusted models, maternal pre- pregnancy obesity was associ-
ated with decreased hazards of anaphylaxis in offspring compared with 
normal weight (aHR 0.83, 95% CI 0.69, 0.99; Figure 2). The hazards 
of offspring asthma increased with increasing maternal pre- pregnancy 
BMI category, though the magnitude of the point estimates was small 
(maternal underweight: aHR 0.97, 95% CI 0.92, 1.02; maternal over-
weight: aHR 1.03, 95% CI 1.00, 1.06; maternal obesity: aHR 1.08, 
95% CI 1.05, 1.11; Figure 2). In contrast, an inverse relationship was 
observed between pre- pregnancy BMI category and dermatitis; com-
pared with normal pre- pregnancy BMI, maternal underweight was as-
sociated with slightly increased hazards of dermatitis (aHR 1.06, 95% 
CI 1.02, 1.10), while maternal obesity was associated with slightly de-
creased hazards (aHR 0.97, 95% CI 0.94, 0.99; Figure 2). There was no 
association between maternal pre- pregnancy BMI and infant rhinitis. 
Although GWG was not associated with any of the paediatric allergic 
outcomes assessed, our results suggested a pattern towards decreased 
hazards with inadequate weight gain and increased hazards with ex-
cess weight gain, compared with adequate weight gain (Figure 2).

Stratification by infant sex revealed little evidence of effect mea-
sure modification (Figures S8 and S9). Similar results were observed 
when we assessed the exposures continuously using restricted cubic 
splines, both overall (Figure 3) and after stratification by infant sex 
(Figure S10). The Cox models met proportional- hazard assumptions 
(Table S6 and Figures S5, S6 and S7).

3.1  |  Sensitivity analysis

Several pre- planned sensitivity analyses were conducted in order to 
test the robustness of our findings. Due to high missingness in both 
exposures, we compared maternal and infant characteristics among 
the response sample, complete- case samples for pre- pregnancy BMI 
and GWG, and pooled imputed sample (Table S10). Characteristics 
among all samples were found to be generally comparable. To fur-
ther evaluate the impact of missingness on our results, we reran our 
main Cox proportional- hazard models among complete- case sam-
ples (Table S11); the point estimates were slightly inflated compared 
with imputed results, but our conclusions were unchanged.

To ensure that infant diagnoses in healthcare encounters were not 
influenced by maternal propensity to access health care, we further 
adjusted our main models for the total number of maternal outpatient 
visits during a one- year look- back period before the start of the index 
pregnancy (Table S12); no changes in point estimates were identified.

To assess the impact of self- reported weight on our results, we 
stratified the complete- case results by the method of weight ascer-
tainment (i.e., objectively measured at first prenatal visit vs likely 
self- report during another healthcare encounter); our interpretations 
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and conclusions remained largely the same, though some important 
changes in results were noted. The greatest change observed was in 
the point estimate for the association between maternal obesity and 
dermatitis, which was qualitatively different among those with mea-
sured weight (aHR 0.93, 95% CI 0.90, 0.97) and those with self- reported 
weight (aHR 1.05, 95% CI 1.00, 1.10; Figure S11). A similar change was 
observed for the association between maternal excess weight gain and 
hazards of asthma (measured weight: aHR 0.98, 95% CI 0.94, 1.02; self- 
reported weight: aHR 1.07, 95% CI 1.02, 1.13; Figure S11), though the 
95% confidence interval was slightly overlapping. In our last sensitivity 
analyses, we evaluated the potential for non- differential exposure and 
outcome misclassification through two probabilistic bias analyses. We 
found that both types of misclassification most likely biased our results 
by ≤10%, with the greatest potential impacts to anaphylaxis, the rarest 
outcome examined (Tables S14 and S16).

4  |  COMMENT

4.1  |  Principal findings

In this population- based study of 248,017 infants, exposure to ma-
ternal pre- pregnancy weight above normal BMI and GWG above 
recommended guidelines was highly prevalent. After a maximum of 
7 years of follow- up, we found a slight positive relationship between 
maternal pre- pregnancy BMI and hazards of asthma in children and 
weak inverse associations with hazards of dermatitis. We addition-
ally observed that maternal pre- pregnancy obesity was associated 
with reduced hazards of anaphylaxis. No associations were found 
between pre- pregnancy BMI and rhinitis or between GWG and any 

allergic outcome. The data were limited by potential exposure and 
outcome misclassification, selection bias and residual confounding 
due to a lack of non- clinical information in health administrative 
datasets; nevertheless, the results were robust in prespecified sen-
sitivity analyses designed to assess impacts of these biases.

4.2  |  Strengths of the study

The main strength of our study was the use of population- based 
datasets in a large study population. By linking the provincial birth 
registry with health administrative databases, we followed a repre-
sentative cohort of infants from a diverse population and objectively 
ascertained exposure and outcome data for a majority of the group, 
and thus, selection bias and non- response were minimised. We also 
employed rigorous and open methods,29 including prespecifying all 
analyses, multiply imputing missing data, modelling continuous ex-
posures with restricted cubic splines and evaluating the impact of 
biases in several sensitivity analyses.

4.3  |  Limitations of the data

Nevertheless, our study also suffers from several limitations, mainly 
as health administrative datasets were not intended or designed for 
research purposes.48 Although we employed previously validated 
algorithms to identify cases of paediatric allergic disease, some non- 
differential outcome misclassification is expected due to physician 
misdiagnoses and imperfect algorithm accuracy. We evaluated the 
impact of outcome misclassification in a probabilistic bias analysis, 

F I G U R E  1  Flow diagram of study. 
Some prespecified exclusion criteria did 
not omit any infants and are thus not 
listed
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TA B L E  1  Maternal and infant characteristics of all singleton live 
births in Ontario, Canada, between fiscal years 2012 and 2014 
(n = 248,017)

Characteristics No. (%)

Maternal characteristics

Pre- pregnancy BMI (exposure)a 

Underweight 11,324 (4.6)

Normal weight 108,213 (43.6)

Overweight 49,802 (20.1)

Obesity 37,721 (15.2)

Missing 40,957 (16.5)

Median (IQR) BMI, kg/m2 24.0 (21.2– 28.1)

GWG (exposure)b 

Inadequate 32,438 (13.1)

Adequate 50,101 (20.2)

Excess 91,800 (37.0)

Missing 73,678 (29.7)

Median (IQR) difference 
between observed and 
expected GWG, kg

3.0 (- 0.7−7.3)

Maternal age at birth, years

<25 44,888 (18.1)

25– 29 58,871 (23.7)

30– 34 88,733 (35.8)

≥35 55,525 (22.4)

Parity

0 (nulliparous) 104,711 (42.2)

1 (uniparous) 87,619 (35.3)

≥2 (multiparous) 51,553 (20.8)

Missing 4134 (1.7)

Pre- existing health conditionc 

No 202,914 (81.8)

Yes 45,103 (18.2)

Asthma 40,133 (16.2)

Any autoimmune condition 1160 (0.5)

Diabetes 2304 (0.9)

Pre- existing hypertension 2389 (1.0)

Any pulmonary condition, 
excluding asthma

739 (0.3)

Alcohol use during pregnancy

No 222,907 (89.9)

Yes 4001 (1.6)

Missing 21,109 (8.5)

Smoking during pregnancy

No 217,032 (87.5)

Yes 26,217 (10.6)

Missing 4768 (1.9)

(Continues)

Characteristics No. (%)

Resides with smoker during pregnancy

No 162,939 (65.7)

Yes 37,925 (15.3)

Missing 47,153 (19.0)

Substance use during pregnancy

No 224,420 (90.5)

Yes 4792 (1.9)

Missing 18,805 (7.6)

Select medication use during pregnancyd 

No 185,987 (75.0)

Yes 55,137 (22.2)

Missing 6893 (2.8)

Any complication of pregnancyc 

No 164,247 (66.2)

Yes 83,770 (33.8)

Foetal complicatione  11,122 (4.5)

Maternal complicationf  74,053 (29.9)

Placental complicationg  3995 (1.6)

Quintile of neighbourhood material deprivation

1 (lowest) 37,256 (15.0)

2 45,095 (18.2)

3 48,205 (19.4)

4 50,954 (20.5)

5 (highest) 64,144 (25.9)

Missing 2363 (1.0)

Quintile of residential instability

1 (lowest) 55,019 (22.2)

2 46,304 (18.7)

3 44,133 (17.8)

4 46,572 (18.8)

5 (highest) 53,626 (21.6)

Missing 2363 (1.0)

Quintile of neighbourhood dependency

1 (lowest) 84,705 (34.2)

2 50,239 (20.3)

3 42,638 (17.2)

4 36,635 (14.8)

5 (highest) 31,437 (12.7)

Missing 2363 (1.0)

Quintile of neighbourhood ethnic diversity

1 (lowest) 34,175 (13.8)

2 36,137 (14.6)

3 40,723 (16.4)

4 50,048 (20.2)

TA B L E  1  (Continued)

(Continues)
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which suggested little impact on our results. As well, since 44% of 
mothers were not measured for weight, our study may be limited by 
non- differential exposure misclassification. After identifying differ-
ences in results by the method of weight ascertainment, we ran an 
additional probabilistic bias analysis and found that exposure mis-
classification was unlikely to be a large contributor of bias.

As in all epidemiological studies, selection bias may be impacting 
our results, though we used multiple imputation methods to handle 
high exposure missingness and found little evidence of selection bias 
in a sensitivity analysis.

Due to the lack of non- clinical data collected in health administra-
tive datasets, our models may be biased by residual confounding. In an-
other sensitivity analysis, we further adjusted for maternal propensity 
to access care and found no changes to our results. Still, our models 
may be insufficiently adjusted for maternal race and ethnicity, perina-
tal health behaviours, such as diet and exercise, and personal, rather 
than neighbourhood- level socioeconomic status (SES), which could not 
be captured in our study. As marginalisation, poor diet and exercise, 
and low SES may be associated with an increased risk of high BMI, 
excess GWG, and an increase in the study outcomes, the potential di-
rection of this residual confounding bias may be away from the null.

Finally, even though we conducted sensitivity analyses to eval-
uate the impact of these limitations on our findings, no sensitivity 
analysis is likely to fully quantify the impact of bias.

4.4  |  Interpretation

Several longitudinal studies have examined the relationship be-
tween maternal pre- pregnancy BMI and asthma development in 

Characteristics No. (%)

5 (highest) 84,571 (34.1)

Missing 2363 (1.0)

Rural residence

No 222,178 (89.6)

Yes 25,833 (10.4)

Missing 6 (0.0)

Infant characteristics

Allergic disease development during follow- up (outcome)c 

Anaphylaxis 1184 (0.5)

Asthma 33,336 (13.4)

Dermatitis 54,119 (21.8)

Rhinitis 8076 (3.3)

Sex

Female 120,766 (48.7)

Male 127,251 (51.3)

Median (IQR) birthweight, 
grams

3396.0 (3070.0– 
3724.0)

Small for gestational age at 
10th percentile

22,421 (9.0)

Large for gestational age at 
90th percentile

25,971 (10.5)

Median (IQR) gestational 
age, weeks

39.0 (38.0– 40.0)

Vaginal birth

No 66,799 (26.9)

Yes 181,218 (73.1)

Season of birth

Spring (March– May) 61,531 (24.8)

Summer (June– August) 65,171 (26.3)

Fall (September– November) 62,996 (25.4)

Winter 
(December– February)

58,319 (23.5)

Infant feeding from birth to discharge

Breastfed only 126,011 (50.8)

Combination 53,362 (21.5)

Substitute 21,966 (8.9)

Missing 46,678 (18.8)

Intention to breastfeed

No 16,833 (6.8)

Yes 212,987 (85.9)

Missing 18,197 (7.3)

Reason for censor

Death 614 (0.2)

End of follow- up or loss of 
healthcare eligibilityh 

247,403 (99.8)

Median (IQR) follow- up, days 2183.0 (2001.0– 
2374.0)

TA B L E  1  (Continued)

(Continues)

Notes: Data are presented as numbers (percentages), unless otherwise 
stated.
Abbreviations: BMI, body mass index; GWG, gestational weight gain; 
IQR, interquartile range.
aPre- pregnancy BMI was classified according to World Health 
Organization categories: underweight (<18.5 kg/m2), normal weight 
(18.5– 24.9 kg/m2), overweight (25.0– 29.9 kg/m2), or obese (≥30.0 kg/
m2).
bGWG was classified according to Institute of Medicine categories and 
accounted for gestational length.
cCategories are not mutually exclusive.
dIncludes prescribed antibiotics, anti- inflammatory medication, and 
antihistamines.
eIncludes foetal anomalies, isoimmunisation, alloimmunisation, 
intrauterine growth restriction, large for gestational age, 
oligohydramnios, polyhydramnios and other.
fIncludes anaemia unresponsive to therapy, antepartum bleeding, 
gestational diabetes, complications of diabetes, preterm labour prior to 
admission, preterm premature rupture of the membranes, premature 
rupture of the membranes, infection and other.
gIncludes placental abruption, placenta accrete, placenta increta, 
placenta percreta, placenta previa and other.
hDue to privacy and confidentiality policies governing data access, 
these two categories were combined to prevent calculation of infant 
birthdates.

TA B L E  1  (Continued)
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offspring.13– 22 Consistent with our findings, most reported a posi-
tive association.14– 17,19– 22 Less is known about the relationship with 
other common allergic diseases.

Of the five prospective studies that explored the association 
with dermatitis, three observed inverse associations similar to ours, 
where lower BMI category was generally associated to higher risk 
of dermatitis,21,23,24 whereas two found no association, though nei-
ther studied underweight mothers.22,26 Likewise, in a recent meta- 
analysis of ten observational studies, Chen and colleagues found 
an inverse association between maternal pre- pregnancy BMI cate-
gory and atopic dermatitis development among offspring.28 Three 
cohort studies investigated rhinitis as an outcome,21,22,24 all finding 

no relationship with pre- pregnancy BMI, consistent with our study. 
Finally, to our knowledge, no previous study has examined the asso-
ciation between maternal pre- pregnancy BMI and anaphylaxis; here, 
we showed 17% lower hazards of anaphylaxis for infants born to 
obese compared with normal weight mothers.

Varying associations between pre- pregnancy BMI and allergic 
disease have been shown before,21,22,24 though the mechanism re-
mains to be elucidated. Previous studies have hypothesised potential 
explanation by distinct allergic and non- allergic aetiologies of each 
outcome. For example, pre- pregnancy BMI may be acting through 
a non- allergic biological pathway since it has been shown to reduce 
levels of maternal IgE in cord blood26; as a result, pre- pregnancy BMI 

TA B L E  2  Crude incidence rate (per 100,000 person- days) for all paediatric allergic disease outcomes, overall and stratified by exposure 
groupa

Outcome Exposure Category Person- days at risk No. of events Incidence rate (95% CI)

Anaphylaxis Overall 5338.94 1184 0.22 (0.22, 0.22)

Pre- pregnancy BMI Underweight 304.46 70 0.23 (0.21, 0.25)

Normal weight 2776.57 657 0.24 (0.23, 0.24)

Overweight 1293.02 292 0.23 (0.21, 0.24)

Obese 964.88 165 0.17 (0.16, 0.18)

GWG Inadequate 1028.73 222 0.22 (0.19, 0.24)

Adequate 1502.07 316 0.21 (0.20, 0.22)

Excess 2808.14 647 0.23 (0.22, 0.24)

Asthma Overall 4904.72 33,336 6.80 (6.73, 6.86)

Pre- pregnancy BMI Underweight 280.76 1878 6.69 (6.37, 7.01)

Normal weight 2556.20 17,098 6.69 (6.59, 6.78)

Overweight 1186.16 8149 6.87 (6.72, 7.01)

Obese 881.59 6212 7.04 (6.88, 7.21)

GWG Inadequate 943.93 6421 6.80 (6.63, 6.97)

Adequate 1381.86 9288 6.72 (6.57, 6.87)

Excess 2578.93 17,627 6.83 (6.72, 6.94)

Dermatitis Overall 4360.55 54,119 12.41 (12.28, 12.54)

Pre- pregnancy BMI Underweight 240.93 3480 14.44 (13.80, 15.08)

Normal weight 2250.10 29,041 12.90 (12.71, 13.09)

Overweight 1063.62 12,726 11.96 (11.69, 12.23)

Obese 805.91 8872 11.01 (10.71, 11.30)

GWG Inadequate 845.58 10,122 11.97 (11.62, 12.32)

Adequate 1223.26 15,344 12.54 (12.26, 12.81)

Excess 2291.72 28,653 12.50 (12.29, 12.71)

Rhinitis Overall 5238.23 8076 1.54 (1.52, 1.56)

Pre- pregnancy BMI Underweight 298.25 502 1.68 (1.57, 1.80)

Normal weight 2722.93 4312 1.58 (1.55, 1.61)

Overweight 1269.70 1893 1.49 (1.44, 1.54)

Obese 947.35 1369 1.44 (1.40, 1.49)

GWG Inadequate 1009.99 1494 1.48 (1.41, 1.55)

Adequate 1473.35 2296 1.56 (1.51, 1.60)

Excess 2754.89 4286 1.56 (1.52, 1.59)

Abbreviations: BMI, body mass index; CI, confidence interval; GWG, gestational weight gain.
aExposure data are pooled estimates from 10 multiply imputed datasets.
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would affect the development of non- allergic asthma, while slightly 
reducing or having no impact on allergic rhinitis and atopic derma-
titis, both which are mediated by IgE.21,22,24,26 Unfortunately, no 
validated algorithm exists to differentiate between allergic and non- 
allergic asthma using health administrative databases.

Fewer studies have investigated the association between GWG 
and paediatric allergic disease development,13,15,16,21,23,25 and find-
ings have been inconsistent, with some reporting an association be-
tween GWG and increased13,21 or reduced asthma risk,15,25 or no 
association.15,16 Studies examining the association between GWG 
and dermatitis have observed both increased risk23 and no associa-
tion.21,23 Lastly, no association was found between GWG and rhinitis 
in a large longitudinal study from Denmark.21

In this study, we found no association between GWG and any 
paediatric allergic disease, including anaphylaxis, which had not 
been previously assessed. This finding held true both when GWG 
was categorised by IOM guidelines accounting for gestational length 
and when a continuous measure was modelled using restricted cubic 
splines. The conflicting findings published by previous studies may 
be explained by the various methods used to categorise GWG; for 
instance, previous studies have employed tertiles,13 dichotomisa-
tion25 and categorisation into five16,23 or six unvalidated groups.15,21 
Still, null results have been reported by studies using IOM guidelines 
or continuous GWG,15,23 supporting our findings.

Our results may also be supported biologically. A growing num-
ber of longitudinal studies have found that pre- pregnancy BMI is 
associated with greater changes in inflammatory and metabolic 

markers compared with GWG.49– 54 For example, pre- pregnancy 
BMI has been shown to influence circulating levels of inflammatory 
regulators (leptin, TLR4 and C- protein)49– 54 and pro- inflammatory 
cytokines (IL- 6 and IL- 8)52,54 more so than GWG, exposing the infant 
to inflammation both prenatally in the placenta54 and postnatally 
in breastmilk.51 Given that inflammation and metabolic dysfunc-
tion are theorised to predispose offspring to allergic disease, these 
findings may explain our associations between paediatric allergic 
disease and pre- pregnancy BMI, but null results with GWG.

4.5  |  Conclusions

Overall, our results suggest maternal weight, but not GWG, may 
have consequences on allergic disease development in offspring. 
Similar to previous studies, our data were subject to potential infor-
mation and selection biases; however, we assessed the potential im-
pact of these biases in prespecified sensitivity analyses and detected 
little impact on our results. Moreover, although statistically signifi-
cant, many of the associations were of low magnitude. Nevertheless, 
given the high prevalence of maternal pre- pregnancy overweight 
and obesity, even small increases in risk may be impactful at a popu-
lation level. Interventions to promote normal pre- pregnancy BMI 
may, therefore, be an important and cost- effective upstream target 
to ease the epidemic trends of allergic diseases in childhood. Future 
work should aim to assess the impact of maternal and paternal health 
behaviours before, during and after pregnancy on this relationship.

TA B L E  2  (Continued)

F I G U R E  2  Adjusted hazard ratios (95% confidence intervals) between categorical exposures and paediatric allergic disease development 
during follow- up. Referent groups for pre- pregnancy body mass index and gestational weight gain were normal weight and adequate weight 
gain, respectively. Horizontal lines represent 95% confidence intervals. Circles represent pre- pregnancy underweight or inadequate weight 
gain; squares, overweight or excess; and triangles, obesity. Data are pooled estimates from 10 multiply imputed datasets. Tabular data are 
available in Supplementary File S3



    |  153SRUGO et al.

ACKNOWLEDG EMENTS
Parts of this material are based on data and/or information compiled 
and provided by CIHI. However, the analyses, conclusions, opinions 
and statements expressed in the material are those of the author(s), 
and not necessarily those of CIHI. This study is based in part on data 
provided by Better Outcomes Registry and Network (‘BORN’), part 
of the Children’s Hospital of Eastern Ontario. The interpretation and 
conclusions contained herein do not necessarily represent those of 
BORN Ontario. This study was supported by ICES, which is funded 
by an annual grant from the Ontario Ministry of Health (MOH) and 
the Ministry of Long- Term Care (MLTC). This work also received 
funding from a Canadian Institutes of Health Research (CIHR) 
Foundation Grant (grant number FDN- 148438) to LMG, and a CIHR 

Frederick Banting and Charles Best Canada Graduate Scholarship– 
Master’s Award and an Ontario Graduate Scholarship to SAS. The 
analyses, conclusions, opinions and statements expressed herein are 
solely those of the authors and do not reflect those of the funding 
or data sources; no endorsement is intended or should be inferred.

CONFLIC T OF INTERE S T
None declared.

DATA AVAIL ABILIT Y S TATEMENT
The dataset from this study is held securely in coded form at ICES. 
While legal data sharing agreements between ICES and data pro-
viders (eg healthcare organisations and government) prohibit ICES 

F I G U R E  3  Adjusted hazard ratios (95% 
confidence intervals) between continuous 
exposures and paediatric allergic disease 
development during follow- up using 
restricted cubic splines. Referent groups 
for pre- pregnancy body mass index 
and difference between observed and 
expected gestational weight gain were 
21 kg/m2 and 0 kg, respectively. Data 
are pooled estimates from 10 multiply 
imputed datasets



154  |    SRUGO et al.

from making the dataset publicly available, access may be granted to 
those who meet prespecified criteria for confidential access, avail-
able at www.ices.on.ca/DAS (email: das@ices.on.ca). The full dataset 
creation plan and underlying analytic code are available from the 
authors upon request, understanding that the computer programs 
may rely upon coding templates or macros that are unique to ICES 
and are, therefore, either inaccessible or may require modification.

ORCID
Sebastian A. Srugo  https://orcid.org/0000-0001-9117-103X 
Daniel J. Corsi  https://orcid.org/0000-0001-7063-3354 
Romina Fakhraei  https://orcid.org/0000-0002-4406-3199 
Laura M. Gaudet  https://orcid.org/0000-0002-7527-5354 

R E FE R E N C E S
 1. Pawankar R, Holgate ST, Canonica GW, Lockey RF, Blaiss MS, 

eds. WAO White Book on Allergy 2013 Update. World Allergy 
Organization. 2013.

 2. Statistics Canada. Health Fact Sheets: Chronic Conditions, 2017. 
Minister of Industry; 2018.

 3. Batool T, Reece PL, Schulze KM, et al. Prenatal and early- life pre-
dictors of atopy and allergic disease in Canadian children: results of 
the Family Atherosclerosis Monitoring In earLY life (FAMILY) Study. 
J Dev Origins Health Dis. 2016;7:665- 671.

 4. Dierick BJH, van der Molen T, Flokstra- de Blok BMJ, et al. Burden 
and socioeconomics of asthma, allergic rhinitis, atopic dermatitis 
and food allergy. Expert Rev Pharmacoeconomics Outcomes Res. 
2020;20:437- 453.

 5. Meltzer EO. Allergic rhinitis: burden of illness, quality of life, comor-
bidities, and control. Immunol Allergy Clin N Am. 2016;36:235- 248.

 6. Lange L. Quality of life in the setting of anaphylaxis and food al-
lergy. Allergo J Int. 2014;23:252- 260.

 7. Chen T, Liu H- X, Yan H- Y, Wu D- M, Ping J. Developmental or-
igins of inflammatory and immune diseases. Mol Hum Reprod. 
2016;22:858- 865.

 8. Catalano PM, Shankar K. Obesity and pregnancy: mechanisms of 
short term and long term adverse consequences for mother and 
child. BMJ. 2017;356:j1.

 9. McDonald SD, Woolcott C, Chapinal N, Guo Y, Murphy P, Dzakpasu 
S. Interprovincial variation in pre- pregnancy body mass index and 
gestational weight gain and their impact on neonatal birth weight 
with respect to small and large for gestational age. Can J Public 
Health. 2018;109:527- 538.

 10. Lumeng CN, Saltiel AR. Inflammatory links between obesity and 
metabolic disease. J Clin Investig. 2011;121:2111- 2117.

 11. Challier JC, Basu S, Bintein T, et al. Obesity in pregnancy stimu-
lates macrophage accumulation and inflammation in the placenta. 
Placenta. 2008;29:274- 281.

 12. Sureshchandra S, Marshall NE, Wilson RM, et al. Inflammatory de-
terminants of pregravid obesity in placenta and peripheral blood. 
Front Physiol. 2018;9:1089.

 13. Halonen M, Lohman IC, Stern DA, Ellis WL, Rothers J, Wright AL. 
Perinatal tumor necrosis factor- α production, influenced by mater-
nal pregnancy weight gain, predicts childhood asthma. Am J Respir 
Crit Care Med. 2013;188:35- 41.

 14. Reichman NE, Nepomnyaschy L. Maternal pre- pregnancy obesity 
and diagnosis of asthma in offspring at age 3 years. Matern Child 
Health J. 2008;12:725- 733.

 15. Polinski KJ, Liu J, Boghossian NS, McLain AC. Maternal obesity, 
gestational weight gain, and asthma in offspring. Prevent Chronic 
Dis. 2017;14:E109.

 16. Dumas O, Varraso R, Gillman MW, Field AE, Camargo CA. 
Longitudinal study of maternal body mass index, gestational weight 
gain, and offspring asthma. Allergy. 2016;71:1295- 1304.

 17. Pike KC, Inskip HM, Robinson SM, et al. The relationship between 
maternal adiposity and infant weight gain, and childhood wheeze 
and atopy. Thorax. 2013;68:372- 379.

 18. Scholtens S, Wijga AH, Brunekreef B, et al. Maternal overweight 
before pregnancy and asthma in offspring followed for 8 years. Int 
J Obesity. 2010;34:606- 613.

 19. Harskamp- van Ginkel MW, London SJ, Magnus MC, Gademan MG, 
Vrijkotte TG. A study on mediation by offspring BMI in the asso-
ciation between maternal obesity and child respiratory outcomes 
in the amsterdam born and their development study cohort. PLoS 
One. 2015;10:e0140641.

 20. Patel SP, Rodriguez A, Little MP, et al. Associations between 
pre- pregnancy obesity and asthma symptoms in adolescents. J 
Epidemiol Community Health. 2012;66:809- 814.

 21. Harpsøe MC, Basit S, Bager P, et al. Maternal obesity, gestational 
weight gain, and risk of asthma and atopic disease in offspring: 
a study within the Danish National Birth Cohort. J Allergy Clin 
Immunol. 2013;131:1033- 1040.

 22. Ekström S, Magnusson J, Kull I, et al. Maternal body mass index in 
early pregnancy and offspring asthma, rhinitis and eczema up to 16 
years of age. Clin Exp Allergy. 2015;45:283- 291.

 23. Drucker AM, Pope EI, Field AE, Qureshi AA, Dumas O, Camargo CA. 
Association between maternal pre- pregnancy body mass index, ges-
tational weight gain, and offspring atopic dermatitis: a prospective 
cohort study. J Allergy Clin Immunol Pract. 2019;7:96- 102.e2.

 24. Goudarzi H, Konno S, Kimura H, et al. Contrasting associations of 
maternal smoking and pre- pregnancy BMI with wheeze and ec-
zema in children. Sci Total Environ. 2018;639:1601- 1609.

 25. Oliveti JF, Kercsmar CM, Redline S. Pre-  and perinatal risk factors 
for asthma in inner city African- American children. Am J Epidemiol. 
1996;143:570- 577.

 26. Kumar R, Story RE, Pongracic JA, et al. Maternal pre- pregnancy 
obesity and recurrent wheezing in early childhood. Pediatric Allergy 
Immunol Pulmonol. 2010;23:183- 190.

 27. Chen Y, Zhu J, Lyu J, et al. Association of maternal prepregnancy 
weight and gestational weight gain with children’s allergic diseases. 
JAMA Network Open. 2020;3:e2015643.

 28. Chen W, Wang L, Yao H, Dai H, Zheng R, Zhang W. Prepregnancy 
BMI, gestational weight gain and risk of childhood atopic dermati-
tis: A systematic review and meta- analysis. Pediatr Allergy Immunol. 
2021;32(5):892- 904.

 29. Srugo SA, Gaudet L, Corsi D, Fakhraei R, Guo Y, Fell DB. Examining 
the effects of pre- pregnancy weight and gestational weight gain 
on allergic disease development in offspring: a protocol for a 
population- based study using health administrative databases in 
Ontario, Canada. BMJ Paediatrics Open. 2021;5:e000893.

 30. Benchimol EI, Smeeth L, Guttmann A, et al. The REporting of stud-
ies Conducted using Observational Routinely- collected health 
Data (RECORD) statement. PLoS Med. 2015;12:e1001885.

 31. Murphy MSQ, Fell DB, Sprague AE, et al. Data Resource Profile: 
Better Outcomes Registry & Network (BORN) Ontario. Int J 
Epidemiol. 2021:dyab033. [Epub ahead of print]

 32. Dunn S, Lanes A, Sprague AE, et al. Data accuracy in the Ontario birth 
Registry: a chart re- abstraction study. BMC Health Serv Res. 2019;19:1001.

 33. Gershon AS, Wang C, Guan J, Vasilevska- Ristovska J, Cicutto L, To 
T. Identifying patients with physician- diagnosed asthma in health 
administrative databases. Can Respir J. 2009;16:183- 188.

 34. To T, Dell S, Dick PT, et al. Case verification of children with asthma 
in Ontario. Pediatr Allergy Immunol. 2006;17:69- 76.

 35. Gershon AS, Guan J, Wang C, To T. Trends in asthma prevalence 
and incidence in Ontario, Canada, 1996– 2005: a population study. 
Am J Epidemiol. 2010;172:728- 736.

http://www.ices.on.ca/DAS
mailto:das@ices.on.ca
https://orcid.org/0000-0001-9117-103X
https://orcid.org/0000-0001-9117-103X
https://orcid.org/0000-0001-7063-3354
https://orcid.org/0000-0001-7063-3354
https://orcid.org/0000-0002-4406-3199
https://orcid.org/0000-0002-4406-3199
https://orcid.org/0000-0002-7527-5354
https://orcid.org/0000-0002-7527-5354


    |  155SRUGO et al.

 36. Ismail LC, Bishop DC, Pang R, et al. Gestational weight gain stan-
dards based on women enrolled in the Fetal Growth Longitudinal 
Study of the INTERGROWTH- 21st Project: a prospective longitu-
dinal cohort study. BMJ. 2016;352:i555.

 37. Dayan N, Fell DB, Guo Y, et al. Severe maternal morbidity in women 
with high BMI in IVF and unassisted singleton pregnancies. Hum 
Reprod. 2018;33:1548- 1556.

 38. Inskip H, Crozier S, Baird J, et al. Measured weight in early preg-
nancy is a valid method for estimating pre- pregnancy weight. J Dev 
Orig Health Dis. 2020;12(4):561- 569.

 39. Butt K, Lim K. DIAGNOSTIC IMAGING COMMITTEE. 
Determination of gestational age by ultrasound. J Obstetrics 
Gynaecol Can. 2014;36:171- 181.

 40. You JJ, Alter DA, Stukel TA, et al. Proliferation of prenatal ultraso-
nography. Can Med Assoc J. 2010;182:143- 151.

 41. Guo Y, Miao Q, Huang T, et al. Racial/ethnic variations in gesta-
tional weight gain: a population- based study in Ontario. Can J Public 
Health. 2019;110:657- 667.

 42. World Health Organization. Obesity: preventing and managing 
the global epidemic. Report of a WHO consultation. World Health 
Organ Tech Rep Ser. 2000;894:i- xii, 1– 253.

 43. Institute of Medicine and National Research Council. Weight 
Gain During Pregnancy: Reexamining the Guidelines. The National 
Academies Press; 2009.

 44. Radhakrishnan DK, Dell SD, Guttmann A, Shariff SZ, Liu K, To T. 
Trends in the age of diagnosis of childhood asthma. J Allergy Clin 
Immunol. 2014;134:1057- 1062.e5.

 45. Gharibvand L, Liu L. Analysis of Survival Data with Clustered Events. 
In: Proceedings from the SAS Global Forum 2009 Conference Cary, 
NC: SAS Institute Inc., 2009.

 46. Wei LJ, Lin DY, Weissfeld L. Regression analysis of multivariate in-
complete failure time data by modeling marginal distributions. J Am 
Stat Assoc. 1989;84:1065- 1073.

 47. Lash TL, Fox MP, Fink AK. Applying Quantitative Bias Analysis to 
Epidemiologic Data. Springer; 2009.

 48. Gavrielov- Yusim N, Friger M. Use of administrative medical data-
bases in population- based research. J Epidemiol Community Health. 
2014;68:283- 287.

 49. Perichart- Perera O, Muñoz- Manrique C, Reyes- López A, Tolentino- 
Dolores M, Espino y Sosa S, Ramírez- González MC. Metabolic 
markers during pregnancy and their association with maternal and 
newborn weight status. PLoS One 2017;12:e0180874.

 50. Misra VK, Trudeau S. The influence of overweight and obesity on 
longitudinal trends in maternal serum leptin levels during preg-
nancy. Obesity. 2011;19:416- 421.

 51. Whitaker KM, Marino RC, Haapala JL, et al. Associations of mater-
nal weight status before, during, and after pregnancy with inflam-
matory markers in breast milk. Obesity. 2017;25:2092- 2099.

 52. Antony KM, Romezi M, Lindgren K, et al. Maternal metabolic bio-
markers are associated with obesity and excess gestational weight 
gain. Am J Perinatol. 2020. [Epub ahead of print]

 53. Carlhäll S, Bladh M, Brynhildsen J, et al. Maternal obesity (Class 
I- III), gestational weight gain and maternal leptin levels during 
and after pregnancy: a prospective cohort study. BMC Obesity. 
2016;3:28.

 54. Yang X, Li M, Haghiac M, Catalano PM, O’Tierney- Ginn P, 
Hauguel- de Mouzon S. Causal relationship between obesity- 
related traits and TLR4- driven responses at the maternal- fetal in-
terface. Diabetologia. 2016;59:2459- 2466.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Srugo SA, Fell DB, Corsi DJ, Fakhraei 
R, Guo Y, Gaudet LM. Examining the role of pre- pregnancy 
weight and gestational weight gain in allergic disease 
development among offspring: A population- based cohort 
study in Ontario, Canada. Paediatr Perinat Epidemiol. 
2022;36:144– 155. https://doi.org/10.1111/ppe.12806

https://doi.org/10.1111/ppe.12806

