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ABSTRACT

Background and objective: Preterm birth, low birth
weight and rapid infant weight gain are associated with
increased risks of asthma symptoms in childhood. The
underlying mechanism may include persistently
higher airway resistance (Rint). The aim of our study
was to examine the associations of longitudinally
measured foetal and infant growth characteristics with
Rint and asthma outcomes in school-age children.
Methods: This study was embedded in a population-
based prospective cohort study in Rotterdam, The
Netherlands. Foetal growth was estimated by ultra-
sound in the second and third trimesters. Infant growth
was measured at birth, 3, 6 and 12 months. At age 6
years, Rint was measured, and information about
wheezing and asthma was obtained by questionnaires.
The number of subjects per analysis differed per avail-
able outcome (3954-5066 subjects).

Results: Longitudinal growth analyses showed that
school-age children with increased Rint had lower
foetal length growth and weight gain, and lower infant
length growth. Children with persistent wheezing until
age 6 years and physician-diagnosed asthma had a
higher Rint compared with children who never
wheezed or without asthma (difference z-scores Rint:
0.58 (0.19, 0.97) and 0.55 (0.15, 0.95), respectively).
Conclusion: Rint in school-age children is influenced
by foetal growth restriction and is associated with
asthma outcomes.
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SUMMARY AT A GLANCE

In school-age children, increased airway resist-
ance is influenced by foetal and infant growth
patterns, and increased airway resistance is asso-
ciated with increased risk for asthma symptoms.
Respiratory symptoms seem not influenced by
foetal growth patterns but tended to be influenced
by infant growth patterns.

Key words: asthma, cohort study, foetal growth, infant
growth, wheezing.

Abbreviations: 95% Cl, 95% confidence interval; MD, mean dif-
ference; OR, odds ratio; Rint, airway resistance; SD, standard
deviation; SDS, standard deviation score.

INTRODUCTION

Preterm birth (<37 weeks), low birth weight (<2500
grams) and high infant weight gain (=10th percentile
weight change between birth and 1 year) seem to be
associated with an increased risk of respiratory mor-
bidity and lower pulmonary function in childhood
and adulthood.'* The mechanisms underlying these
associations are not known. Clearly, low birth weight
is not the causal factor per se leading to respiratory
morbidity."® Low birth weight is the result of various
adverse foetal growth exposures and growth patterns
and the starting point of infant growth. We have
recently shown that not low birth weight, but acceler-
ated infant growth, independent from foetal growth
patterns, is associated with wheezing and asthma-
related symptoms until the age of 4 years.’ The
mechanisms underlying these associations may
include suboptimal development of the respiratory
system. Such developmental adaptations may result
in direct mechanical effects due to impaired lung
growth with smaller airways and airway diameters
leading to a higher airway resistance (Rint).2%® We
hypothesized that smaller foetal growth and higher
infant growth, small for gestational age and preterm
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birth lead to persistent increased Rint, and subse-
quently increased risk of childhood asthma.
Therefore, our main focus was to examine in a
population-based prospective cohort study whether
Rint in school-age children was associated with lon-
gitudinally measured foetal and infant growth pat-
terns. Secondly, we examined whether foetal and
infant growth was associated with wheezing patterns,
overall wheezing and physician-diagnosed asthma at
school-age. Thirdly, we examined whether growth
characteristics at birth were associated with respira-
tory outcomes. Finally, we examined whether
Rint was associated with wheezing patterns and
physician-diagnosed asthma at school-age.

METHODS

This study of 6259 subjects was embedded in the Gen-
eration R Study, a population-based prospective
cohort study of pregnant women and their children®
(Fig. 1).

Growth characteristics
Foetal growth characteristics were measured in the
second and third trimester.'” We used femur length as

n = 8305 (100%)
Children participating in cohort at
the age of 6 years
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proxy for foetal length, and estimated foetal weight
was calculated using the Hadlock formula.'"** Length
and weight at birth were obtained from community
midwife and hospital registries. Infant growth charac-
teristics were measured at the ages of 3, 6 and 12
months. All growth characteristics were converted
into standard deviation scores (SDS) using foetal'®'
and infant (GrowthAnalyzer 3.0, Dutch Growth
Research Foundation, Rotterdam, The Netherlands)
reference growth charts.

Respiratory outcomes at 6 years

Rint was measured in kPa/L  (MicroRint,
MicroMedical, Rochester, Kent, UK) during tidal expi-
ration according to European Respiratory Society/
American Thoracic Society guidelines. We calculated
sex- and height-adjusted z-scores."*We corrected for a
stepwise variation of the median during the study
period due to technical issues that required replace-
ment of the Rint device. Wheezing was based on
annual parental reports with available information on
at least two time points. Wheezing patterns in four
categories (never wheezing; early wheezing; late
wheezing; persistent wheezing) were based on a pre-
viously used definitions.'*"® Parents reported ever
physician-diagnosed asthma (no, yes) at 6 years.

n =977 (11.8%)

v

Data on twins (n = 208), and missing
data on birth weight (n = 769) excluded

A

n=7328 (88.2%)

Data on any growth characteristic
Foetal

1st trimester n=5245
2nd trimester n=6931
3rd trimester n=7089
Birth n=7328
Infant

Age 3 months n=4816
Age 6 months n=5272
Age 12 months n=4826

n = 1069 (12.9%)

Missing data on all asthma-related
> | outcomes (Rint, <2 reports of
wheezing, asthma diagnosis) excluded

n = 6259 (75.4%)
Data on any asthma-related

outcome

Rint n = 3954
Wheezing n = 4847
Asthma n = 5066
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Figure 1 Flowchart.
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Covariates

Information on maternal age, anthropometrics,
socioeconomic status, history of asthma and atopy,
smoking during pregnancy, parity, psychological dis-
tress, gestational hypertensive disorders, and gesta-
tional diabetes and child’s sex, gestational age, birth
weight, ethnicity, pet keeping, breastfeeding, inhalant
allergy and lower respiratory tract infections were col-
lected by questionnaires or midwife and hospital
registries.”!>'6

Statistical analysis

Firstly, longitudinal repeated measurement models
were performed using mixed-models, to assess differ-
ences in foetal and infant growth between children
with and without high Rint (>85 vs <85 percentile),
wheezing patterns and asthma. Secondly, we addi-
tionally performed conditional analyses to assess the
independent effects of foetal and infant growth char-
acteristics on respiratory outcomes; this allowed
identification of critical periods of foetal and infant
growth in relation to respiratory outcomes."” General-
ized estimating equations were used to assess the
effect of growth with overall wheezing. Thirdly, we
used adjusted logistic and linear regression analyses
to examine the associations of growth characteristics
at birth with respiratory outcomes. Finally, linear
regression analyses were used to assess the differ-
ences in Rint between those with and without wheez-
ing or asthma. All models were adjusted for potential
confounders. Rint analyses were additionally
adjusted for time period of the measurement. Missing
data were imputed with multiple imputations using
chained equations creating 25 new datasets. For
extended methods see Supplementary Appendix 1.

RESULTS

Detailed characteristics of children and their mothers
are presented in Table 1. Observed and imputed char-
acteristics are presented in supplementary informa-
tion (Supplementary Table S1).

Foetal and infant growth

Results from adjusted longitudinal foetal and infant
growth analyses are given in Figure 2 (Supplementary
Table S2). We observed that compared with school-
age children with normal Rint (lower 85%), those with
increased Rint (upper 15%) had a lower foetal length
and weight growth (-0.008 (-0.016, 0.000), and —-0.007
(-0.014, 0.000) standard deviation (SD) length or
weight per week, respectively), but not a lower infant
length or weight growth (Fig. 2a—-d). No differences in
longitudinal foetal and infant length or weight growth
were observed between the different wheezing pat-
terns or asthma groups (Supplementary Figure S1
A-H and Table S3). Sex and ethnicity were added as
product terms with growth in the model, to explore
potential effect modification on the association of
growth with Rint, but no effect modification was
observed (P-values for interaction >0.05).
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We additionally performed conditional analyses,
which reflect all foetal and infant growth characteris-
tics as separate and independent measures in one
model (Fig. 3, see Supplementary Table S4). Higher
third trimester foetal length and higher second and
third trimester weight were associated with decreased
Rint at school-age (z-score difference -0.11 (-0.21,
-0.01), —-0.13 (-0.23, —-0.04) and -0.12 (-0.22, —-0.02),
respectively) (Fig. 3a,b). These analyses also showed
that only weight at 3 months of age was associated
with persistent wheezing (odds ratio (OR) 1.17 (1.04,
1.31) ) (Figure S2 B). Similar results were observed for
associations of foetal and infant growth characteris-
tics with overall wheezing until the age of 6 years
(Supplementary Table S5), but not with asthma
(Figure S2 C, D). Additional adjustment of these
analyses for either upper or lower respiratory tract
infections or inhalant allergy did not materially
change the effect estimates (data not shown). Effect
estimates for the associations of growth with respira-
tory outcomes, without taking account for the same
growth measure at other ages, are given in the sup-
plementary materials (Supplementary Table S6). We
observed no effect modification between foetal (2nd
trimester—birth) and infant (birth—12 months)
length or weight growth for the associations with Rint,
wheezing patterns or asthma (all P-values for interac-
tion >0.05).

Birth outcomes

Rint z-scores were not different between children
born preterm and born at term (Table 2). Birth weight
analyses across the full range showed that per 500
grams decrease in birth weight Rint values increased
(z-score difference (95% confidence interval) 0.16
(0.25, 0.07) ) (Table 2). We observed no association of
low birth weight (<2500 grams) with Rint, compared
with normal birth weight. However, after taking ges-
tational age into account, a low birth weight for ges-
tational age was associated with increased Rint
(z-score difference 0.78 (0.33, 1.22) z-score) (Table 2).
Associations of preterm birth and low birth weight
with wheezing and asthma are given in Supplemen-
tary Table S7.

Rint and asthma outcomes

In school-age children with persistent wheezing, we
observed an increased Rint (z-score difference 0.58
(0.19, 0.97) z-score) compared with children who
never wheezed (Table 3). Also, children with a report
of physician-diagnosed asthma had an increased Rint
(z-score difference 0.55 (0.15, 0.95) z-score), com-
pared with those without asthma.

DISCUSSION

For this study, we hypothesized that smaller foetal
growth and higher infant growth lead to respiratory
morbidity. We observed that school-age children with
an increased Rint had lower foetal length and weight
growth and lower infant length growth, whereas

© 2015 Asian Pacific Society of Respirology
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Table 1 Characteristics of children and their mothers
All children in Rint Wheezing or
the study available asthma available
n=6259 n = 3954 n=5578

Maternal characteristics
Age (years) 30.5 (5.0) 30.3 (5.1) 30.9 (4.8)
Body mass index

<20 kg/cm? 8.6 (536) 8.2 (324) 8.6 (482)

20-25.0 kg/cm? 54.0 (3382) 54.1(2141) 55.0 (3067)

25-30.0 kg/cm? 26.1(1634) 26,4 (1043) 25.8 (1439)

>30 kg/cm? 11.1 (697) 11.3 (446) 10.6 (589)
Educational level (%)

Primary or secondary education 52.6 (3292) 54.6 (2158) 48.7 (2719)

Higher education 47.4 (2967) 45.4 (1796) 51.3 (2859)
History of asthma or atopy (%)

No 62.2 (3891) 62.0 (2452) 62.4 (3482)

Yes 37.8 (2368) 38.0 (1502) 37.6 (2096)
Smoking during pregnancy (%)

No 83.4 (5220) 82.5 (3262) 84.9 (4738)

Yes 16.6 (1039) 17.5 (692) 15.1 (840)
Parity (%)

0 57.4 (3592) 56.9 (2249) 58.1 (3239)

>1 42.6 (2667) 43.1 (1705) 41.9 (2339)
Maternal psychological distress (%)

No 90.6 (5670) 89.7 (3548) 91.9 (56126)

Yes 9.4 (589) 10.3 (406) 8.1 (452)
Gestational hypertensive disorders (%)

No 93.8 (5874) 93.8 (3709) 93.8 (56230)

Yes 6.2 (385) 6.2 (245) 6.2 (348)
Gestational diabetes (%)

No 98.7 (6180) 98.7 (3902) 98.8 (5513)

Yes 1.3(79) 1.3 (62) 1.2 (65)
Child characteristics
Female sex (%) 50.1 (3136) 51.0 (2016) 50.2 (2799)
Gestational age at birth (weeks) 40.1 (35.9-42.3) 40.1 (35.8, 42.3) 40.1 (35.9, 42.3)
Birth weight (grams) 3435 (556) 3430 (552) 3450 (552)
Ethnicity (%)

European 66.2 (4143) 64.1 (2533) 70.0 (3905)

Non-European 33.8(2116) 35.9 (1421) 30.0 (1673)
Breastfeeding habits (%)

Never 8.7 (545) 8.5 (335) 8.6 (478)

Ever 91.3 (5714) 91.5 (3619) 91.4 (5100)
Pet keeping (%)

No 66.9 (4185) 67.3 (2663) 66.1 (3686)

Yes 33.1(2074) 32.7 (1291) 33.9 (1892)
Inhalant allergy at 6 years (%)

No 92.5 (5787) 92.2 (3647) 93.1(5192)

Yes 7.5 (472) 7.8 (307) 6.9 (386)
Lower respiratory tract infections at 6 years (%)

No 94.2 (5899) 93.6 (3701) 94.9 (5295)

Yes 5.8 (360) 6.4 (253) 5.1 (283)

Values are means (SD), medians (2.5-97.5th percentile) or percentages (absolute numbers) based on imputed data.

Rint, airway resistance SD; standard deviation.

school-age children with higher infant weight growth
had increased risks of wheezing. Also, lower gesta-
tional age adjusted birth weight was associated with a
higher Rint in childhood. Rint was not different
between children born preterm and at term. Further-
more, children with persistent wheezing and
physician-diagnosed asthma had increased Rint.

© 2015 Asian Pacific Society of Respirology

The associations of foetal growth with respiratory
outcomes have been studied until pre-school age but
showed inconsistent results.>'*'? In a previous study;,
we observed that children with restricted foetal and
infant weight gain had a decreased risk of preschool
wheezing, whereas those with higher infant weight
gain, independent of their foetal weight gain, had an

Respirology (2016) 21, 674-682
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Figure 2 Differences in foetal and infant growth (length, weight) between Rint groups at the age of 6 years.

Lines are differences in length or weight growth in foetal life or infancy between the respiratory outcome groups Rint (low; high). Values
were obtained from longitudinal repeated measurement models. *P < 0.05 and **P < 0.01, given for the difference in growth over time.
Specific estimates and P-values are given in Supplementary Table S2. Models were adjusted for maternal age, body mass index,
educational level, history of asthma or atopy, smoking during pregnancy, parity, psychological distress, gestational hypertensive
disorders and diabetes and for children’s sex, gestational age, ethnicity, breastfeeding and pet keeping. Rint analyses were additionally

adjusted for time period of the measurement.
Rint, airway resistance; SDS, standard deviation score.

increased risk of preschool wheezing.> Based on the
conditional regression models of the current study,
we observed that children with high second trimester
weight gain had a decreased risk of wheezing until age
6 years. However, similar to our previous study and
now independent of all other growth periods, children
with higher infant weight gain had an increased risk of
wheezing until age 6 years.

Only one previous study has assessed the associa-
tions of foetal growth with asthma at an older age,*
and this showed that increased foetal growth was asso-
ciated with a reduced risk of asthma and a higher lung
volume at the age of 10 years. In addition to this study,
we now report that a lower foetal length and weight
growth and lower infantlength growth were associated
with an increased Rint at school-age. Also, increased
Rint was associated with increased risks of persistent

Respirology (2016) 21, 674-682

wheezing and asthma. Airways become larger with
height,”! and therefore a decreased Rint might be
expected in taller children. Our Rint measures were
independent of height at time of measurement and
size of the children therefore does not explain our
consistent associations of foetal and infant length with
Rint. Animal studies suggest that the mechanisms
underlying the associations of foetal length and weight
restriction with increased Rint are not atopy related
but due to a decreased number of alveoli, thicker
interalveolar septa and a greater volume density of
lung tissue.”?** Based on autopsy studies and mag-
netic resonance imaging- and ultrasound-based
measurements during pregnancy, it is known that
during the second trimester the airways grow wider,
and a growth spurt of the distal pulmonaryvasculature
and of the first alveoli occurs. During the first year after

© 2015 Asian Pacific Society of Respirology
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Figure 3 Associations of independent foetal and infant growth characteristics per SD with Rint at the age of 6 years.

Values are Rint’'s zscore change (95% confidence interval) from conditional analysis in which associations are independent of the
associations at other time points and reflect the risk per standard deviation of residual increase in length or weight. Specific estimates
and P-vales are given in Supplementary Table S4. *P < 0.05 and **P < 0.01. Models were adjusted for maternal age, body mass index,
educational level, history of asthma or atopy, smoking during pregnancy, parity, psychological distress, gestational hypertensive
disorders and diabetes and for children’s sex, gestational age, ethnicity, breastfeeding and pet keeping. Rint analyses were additionally

adjusted for time period of the measurement.

95% Cl, 95% confidence interval; Rint, airway resistance; SD, standard deviation.

birth most alveoli have been formed.***** Children
with increased Rint had lower foetal length and weight
growth, whereas children with specific wheezing pat-
terns or asthma did not. Rint being too low to induce
respiratory symptoms, or other underlying mecha-
nisms for the association of early growth with respira-
tory symptoms might explain this.

Infant weight gain was associated with increased
risks of wheezing and asthma and lower lung function
in later life.?**” However, we did not observe associa-
tions of infant weight gain with Rint. Therefore, the
association of infant growth with wheezing, as previ-
ously observed in the same study population, cannot
be explained by high Rint. Higher infant weight
growth may lead to altered levels of inflammatory
adipokines secreted from adipose tissue and poten-
tially result in altered airway inflammation and
responsiveness.?® Higher infant weight growth might
also have a direct mechanical effect on lung function
other than increased Rint.*

Thus, our results suggest different potential under-
lying pathways for foetal and infant length and weight
growth and their associations with Rint and wheezing
or asthma. Potential U-shaped associations need to
be further explored.

A recent meta-analysis observed that preterm born
children (<37 weeks of pregnancy) have a 1.40-fold
increased risk of childhood asthma.* In line with this
study, we observed an inverse association of gesta-
tional age with early and persistent wheezing, and
asthma until age 6 years. Previous studies showed
lower lung volumes and reduced airway calibre in
preterm-born children, which persist in later life.*! We
did not observe an association with Rint. The small

© 2015 Asian Pacific Society of Respirology

proportion of preterm born children in our cohort
might have resulted in insufficient power to detect
small effect estimates. The pathways leading from
preterm birth to childhood asthma might not include
Rint, but lung volume or immunomodulatory
effects.®* Birth weight adjusted for gestational age
was associated with a lower Rint only. Birth weight,
adjusted for gestational age, seems not consistently
associated with increased risks of wheezing and
asthma in childhood."**

This study was embedded in a population-based
prospective cohort study with a large number of sub-
jects being studied from early foetal life onwards. We
performed detailed and frequent measurements on
foetal and infant anthropometrics and respiratory
outcomes. Some methodological issues need to be
discussed. First, from the children participating in the
general cohort at age 6 years, 75% were included in
this sub-study. It is possible that biased effect esti-
mates could occur if participants lost to follow-up, or
non-responders, had different associations between
foetal and infant growth with respiratory outcomes
compared with those included in the study. This is
unlikely but difficult to study. We observed differences
in characteristics between children with data on Rint
and wheezing or asthma. Although we adjusted our
analyses for these differences in characteristics, these
and other unmeasured covariates could limit the
comparability of the associations between -early
growth and Rint or wheezing and asthma. Secondly,
to estimate gestational age of the foetus in early preg-
nancy, we used crown-rump-length. During early ges-
tation, identical growth velocities have been observed
for embryos and foetuses. However, there might be

Respirology (2016) 21, 674-682
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Table 2 Birth characteristics and airway resistance at the
age of 6 years
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Table 3 Differences in Rint z-scores between those with
and without wheezing, or asthma

Rint (z-score)

Difference (95% ClI)
n = 3954

Gestational age

Preterm birth (<37 weeks) 0.18 (—0.26, 0.62)

n=293

Term birth (37-42 weeks) Reference
n=5445

Post term birth (>42 weeks) 0.07 (-0.36, 0.50)
n =300

Trend (per week) -0.03 (-0.08, 0.03)

Absolute birth weight
Low birth weight (<2500 grams)
n =268
Normal birth weight (2500-4500
grams)
n=5634
High birth weight (>4500 grams)
n=136
Trend (weight per 500 grams)
Birth weight for gestational age
Small size for gestational age
n=2314
Appropriate size for gestational
age
n=5631
Large size for gestational age
n=2314
Trend (per SD)

0.46 (-0.01, 0.92)

Reference

—0.43 (-1.09, 0.23)

—-0.16 (-0.25, -0.07)**

0.78 (0.33, 1.22)**

Reference

—0.59 (-1.04, -1.14)**

—-0.18 (-0.28, -0.08)**

Values are Rint's z-score difference and, if continuously meas-
ured, reflect the difference of Rint per 500 grams birth weight or
week of gestational age or per SD of size for gestational age
increase (95% confidence interval). *P< 0.05, **P < 0.01. Models
were adjusted for maternal age, body mass index, educational
level, history of asthma or atopy, smoking during preg-
nancy, parity, psychological distress, gestational hypertensive
disorders and diabetes, and for child’'s gender, ethnic-
ity, breastfeeding habits and pet keeping. The analyses were
additionally adjusted for time period of the Rint measurement.
Small size for gestational age was defined as the lowest 5% (SD
= -1.74) and large size for gestational age was defined as the
highest 5% (SD = 1.59) of size for gestational age.

95% Cl, 95% confidence interval; Rint, airway resistance;
SD, standard deviation.

differences in size between foetuses.** Consequently,
using crown-rump-length as a measure of pregnancy
duration reduces the variation in early growth
towards zero. This might have led to an underestima-
tion of the effect estimates. Thirdly, we did not
perform spirometry at this age, because children par-
ticipating in this population-based cohort were not
familiar with this procedure, and it is known that lung
function values according to ATS criteria are feasible
and acceptable for approximately 50% of the children
performing spirometry for the first time.*® The Rint
technique is much more feasible in this age group,
with success rates >90%, and enables detection of
small differences in Rint with good within- and

Respirology (2016) 21, 674-682

Mean Rint Difference Rint
z-score (SD) z-score

Never wheezing 0.90 (3.04) Reference
n= 1537
Early wheezing 1.15 (2.97) 0.25 (-0.03, 0.54)
n=781
Late wheezing 0.80 (3.08) —0.06 (-0.66, 0.54)
n=131
Persistent wheezing 1.47 (3.37) 0.58 (0.19, 0.97)**
n=2375
No asthma 0.98 (2.90) Reference
n=2793
Asthma 1.54 (3.08) 0.55 (0.15, 0.95)**
n=236

Values are mean differences (95% confidence interval) from
linear regression analysis. *P<0.05; **P<0.01. Models were
adjusted for maternal age, body mass index, educational
level, history of asthma or atopy, smoking during pregnancy,
parity, psychological distress, gestational hypertensive
disorders and diabetes, and for child’s gender, gestational
age at birth, ethnicity, breastfeeding habits and pet keeping. Rint
analyses were additionally adjusted for time period of the
measurement.

Rint, airway resistance; SD, standard deviation.

between-occasion reproducibility.** The biological
validity of increased Rint has been extensively dem-
onstrated, and Rint is associated with clinically
relevant end-points including bronchodilator revers-
ibility, methacholine responsiveness,*” asthma diag-
nosis or wheezing and can distinguish between
groups of symptomatic and healthy young children.*
Although the observed mean differences in Rint were
small, and not clinically relevant for the individual
child, they might be important from an aetiological
perspective and may help to target prevention pro-
grammes towards high-risk groups. Mean Rint values
for children with no wheezing or asthma were slightly
elevated that might limit the generalizability of the
observed effect estimates.®® Last, we adjusted for a
large number of confounders. However, as in any
observational study, residual confounding due to
unmeasured or insufficiently measured confounders
might still be an issue.

In conclusion, Rint in school-age children is influ-
enced by foetal length and weight restriction and
associated with increased risk of persistent wheezing
and asthma. The pathways from preterm birth to
asthma outcomes may include other mechanisms
than differences in Rint. Further studies are needed to
replicate our findings and to assess the underlying
mechanisms of foetal and infant growth on airway
and lung development and subsequent lung function
and risk for asthma in later life.
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APPENDIX 1 - METHODS

Design and setting

This study was embedded in the Generation R Study, a population-based
prospective cohort study of pregnant women and their children in Rotterdam, The
Netherlands®. The study protocol was approved by the Medical Ethical Committee of
the Erasmus Medical Centre, Rotterdam. Written informed consent was obtained
from all participants. The design of the study has been previously described in
detail*. In summary, mothers with an expected delivery date between April 2002 and
January 2006 and who were resident in the study area were eligible. Midwives and
obstetricians informed eligible mothers about the study at their first prenatal visit in
routine care, handed out the information package and asked these mothers to make
an appointment for their first ultrasound examination. Enrolment was aimed in first
trimester, but was allowed until birth of the child*. Of all children included in the
Generation R study, 85.2% (n = 8,305) participated in the follow up studies at the

age of 6 years for which parents gave written informed consent. Twins (n=208), and



children with no information on birth weight for gestational age (n=769) were
excluded (Figure 1). Children with missing data on all respiratory outcomes (Rint,
less than two reports of wheezing (no, yes), or physician-diagnosed asthma) were
excluded (n=1,069) leaving a total of 6,259 children included for the current
analyses. Children were born after a median pregnancy duration of 40.1 weeks (95%
range: 35.9 — 42.3) and a mean birth weight of 3,435 grams (SD 556 grams). The
average Rint was 0.94 kPa/L/s (SD 0.25). Of the children, 42.2% were classified as
never wheezing, 21.9% as early wheezing, 3.6% as late wheezing, and 9.7% as
persistent wheezing. A physician diagnosis of asthma was reported for 7.7% of the
children. Data on Rint was less frequently available (63.2%) than data on wheezing
(77.4%) and asthma (80.9%). Subjects with Rint seemed lower educated, smoked
more, had more psychological distress, and were more often of non-European

ethnicity (see table 1).

Growth characteristics

Fetal growth characteristics

Fetal ultrasound examinations were carried out in a dedicated research center in
each trimester of pregnancy. The ultrasound examinations were performed using an
Aloka® model SSD-1700 (Tokyo, Japan) or the ATL-Philips® Model HDI 5000
(Seattle, WA, USA). These examinations were used for both establishing gestational
age and assessing fetal growth characteristics®. Because using the last menstrual
period has several limitations, such as the large number of mothers who do not know
the exact date of their last menstrual period or have irregular menstrual cycles,
gestational age was established by first trimester fetal ultrasound. In the second and

third trimesters of pregnancy, we measured head circumference (HC), abdominal



circumference (AC), and femur length (FL) to the nearest millimeter using
standardized ultrasound procedures® 3. Estimated fetal weight (EFW) was
subsequently calculated by using the Hadlock formula (log;o EFW = 1.5662 - 0.0108
(HC) + 0.0468 (AC) + 0.171 (FL) + 0.00034 (HC)? - 0.003685 (AC*FL))* °. Standard
deviation scores (SD) for all fetal growth characteristics were constructed? °.

At birth, information on gestational age, length and weight of the infants was
obtained from community midwife and hospital registries. Birth length was only
available in 3,931 individuals, since this was not routinely measured in obstetric
practices in The Netherlands. Gestational age adjusted standard deviation scores for
weight at birth was constructed using reference growth standards®. Small and large
size for gestational age were defined as the lower 5% (SD=-1.74), and the upper 5%

(SD=1.59) of birth weight standard deviation score, respectively.

Infant growth characteristics Infant growth was measured at the Community Health
Centers according to a standard schedule and procedures by a well-trained staff at
the ages of 3 months (range: 3.00-3.96 months), 6 months (range: 5.01-9.96
months), and 12 months (range: 10.00-12.97 months). Length was determined in
supine position to the nearest millimeter using a neonatometer. Weight was
measured using a mechanical personal scale (SECA). Standard deviation scores for
postnatal length, and weight were obtained using reference growth charts (Growth

Analyzer 3.0, Dutch Growth Research Foundation).

Respiratory outcomes at 6 years
Airway resistance (Rint) was measured in kPa/L (MicroRint, MicroMedical,

Rochester, Kent, UK) during tidal expiration, with occlusion of the airway at peak



expiratory flow, according to ERS and ATS guidelines®. Median values for at least 5
acceptable Rint measurements were calculated and these were used to calculate
sex and height adjusted z-scores’. We corrected for a stepwise variation of the
median during the study period due to technical issues that required replacement of
the Rint® and statistical analyses were adjusted for the time period of the
measurement. Wheezing and physician-diagnosed asthma were assessed using
guestions adapted from the International Study on Asthma and Allergy in Childhood
(ISAAC)®. Wheezing patterns in four categories (never wheezing, early wheezing,
late wheezing, and persistent wheezing) were based on a previously used preschool
wheezing patterns definition'® and extended into wheezing patterns until the age of 6
years: (1) no wheezing, no recorded wheezing at any age; (2) early wheezing, at
least 1 wheezing symptom during the first 3 years of life but no wheezing at 4 and 6
years of age; (3) late wheezing, no wheezing episodes during the first 3 years of age
but wheezing at 4 or 6 years of age; and (4) persistent wheezing, at least 1 wheezing
episode in the first 3 years of life and wheezing at 4 or 6 years of age. Wheezing was
reported annually for the first four years and at 6 years of age. We imputed missing
reports only in those children of whom information on wheezing at a minimum of two

timepoints was available.

Covariates

Information on maternal age, anthropometrics, socio-economic status, history of
asthma and atopy, parity, child’s ethnicity and pet keeping were obtained by
guestionnaire, completed by the mother at enrollment. Socio-economic status was
assessed using the highest educational level achieved by the mother. Information

about active maternal smoking during pregnancy was obtained by postal



guestionnaires sent in first, second and third trimester of pregnancy and combined
into smoking (no, yes)*. Although assessing smoking habits by questionnaires is
valid in epidemiological studies, misclassification may occur due to underreporting.**
2 However, the use of biomarkers of tobacco smoke exposure in urine, saliva or
blood, or nicotine in indoor air seemed not superior to self-report.** 2. We used
parity as a proxy for siblings and the correlation between those variables was good
(kappa = 0.896). Maternal psychological distress is suggested to influence growth
and the risk of asthma through an altered hypothalamic-pituitary-adrenal axis,
immunomodulatory factors, or epigenetic programming*’. Maternal psychological
distress was defined using a global severity index (GSI) at second trimester, a
measure of current level or depth of the symptoms, and denotes overall
psychological distress™®. High scores represented an increased occurrence of overall
distress which was based on Dutch cut-offs'®. Gestational hypertensive disorders,
and diabetes might influence the association between growth and respiratory
morbidity via altered placental and vascular function and development or via
gestational age at birth**. Maternal gestational hypertensive disorders (gestational
hypertension, preeclampsia, eclampsia, and HELLP-syndrome (Hemolysis Elevated
Liver enzymes and Low Platelets)), gestational diabetes and gestational age and sex
of the children were obtained from midwife and hospital registries at birth. Postal
guestionnaires at 6 and 12 months provided information about breastfeeding and
daycare attendance®. Information on lower respiratory tract infections (pneumonia,
bronchitis) and inhalation allergy (pollen, house dust mite, pets) was obtained by

guestionnaires at the age of 6 years.



Statistical analysis

First, the associations of respiratory outcomes (high Rint values (top 15%), wheezing
patterns, or asthma) with repeatedly measured fetal and infant length and weight
were analyzed using unbalanced longitudinal repeated measurement regression
models. This allowed us to study the age independent effects (difference constant
over time) as well as age dependent effects (difference non constant over time) of
fetal and infant growth in relation the asthma outcomes. These models take the
correlation between repeated measurements of the same subject into account, and
allow for incomplete growth data. Respiratory outcomes were included in these
models as intercept and as an interaction term with age. These models can be
written as: fetal growth = 30 + 31* respiratory outcome + 32*gestational age + [33*
respiratory outcome*gestational age + Ri*confounders. Similarly, infant growth = 30
+ 31* respiratory outcome + 32*age in months + 33* respiratory outcome *age in
months + RBi*confounders. In these models, ‘30 + R1* respiratory outcome reflects
the length or weight growth per respiratory outcome group and ‘32*age’ reflects the
slope of growth per week of gestational age or month, and ‘33* respiratory
outcome*age’ the difference in change in length or weight growth per week of
gestational age or month for respiratory outcome groups.

Secondly, growth measurements at different time points are strongly correlated.
Taking into account the correlations between these different growth measurements,
we used conditional linear and logistic regression models to assess the independent
associations of fetal and infant growth characteristics with respiratory outcomes. We
constructed growth variables that are statistically independent from growth
characteristics at other time points, using standardized residuals from linear

regression models. In these linear regression models, a growth measurement at a



given time point was regressed on all prior growth measurements. The excess in
growth at given time point as predicted by prior growth measurements is similar as
the standardized residuals resulting from this regression model. The standardized
residuals obtained from this model are entirely uncorrelated with prior growth
measurements. This enables inclusion of all growth measures together in a
regression model without problems that may occur due to the correlation between
different growth measures. Additionally, we used generalized estimating equations
(GEEs) to examine the longitudinal effects of fetal and infant growth with the risk of
overall wheezing at the ages of 1, 2, 3, 4, and 6 years. These models take into
account the correlations between repeated measurements within the same subject.
We used an unstructured matrix. Thirdly, we used adjusted logistic and linear
regression analysis to examine the associations of growth characteristics at birth
with airway resistance measurements (Rint), the risk of wheezing patterns, and of
asthma diagnosis. Finally, adjusted linear regression analyses were used to assess
the differences in Rint between those with and without wheezing, or asthma.

All models were adjusted for potential confounders including maternal age, body
mass index, education, history of asthma or atopy, smoking habits, parity, maternal
psychological distress, gestational hypertensive problems, and gestational diabetes,
and child’s sex, gestational age at birth, ethnicity, breastfeeding status, and pet
keeping. Variables were included as confounders when they were associated with
both the determinant and the outcome, suggested to be based on previous literature,
or changed the effect estimate >10% when adding the variable to the unadjusted
model. Lower respiratory tract infections at the age of 6 years and inhalation allergy
were potential intermediates. The percentages of missing values within the

population for analysis were lower or near to 10%, except for maternal history of



asthma or atopy (18.2%), psychological distress (17.9%), and child’s breastfeeding
(18.5%), and pet keeping (13.8%). The high percentage missings of these
confounders, except for psychological distress, is explained by a reduction of data
collection between the age of 2 months and 4 years in a subgroup of the current
study’. Missing data of the confounders and wheezing patterns were imputed with
multiple imputations. We imputed missing growth data only for the conditional
models. Twenty-five new datasets were created by imputation based on all
determinants, covariates and outcomes in the model plus maternal ethnicity, paternal
age, educational level and history of asthma or atopy, smoking habits, and child’s
upper and lower respiratory tract infections until the age of 6 years, shortness of
breath until the age of 4 years, and physician diagnosis of eczema until the age of 6
years™. All datasets were analyzed separately after which results were combined.
No differences in results were observed between analyses with imputed missing
data or complete cases only. The effect estimates of the unadjusted analyses did not
materially change when we added confounders in our main models. We only present
the results based on imputed datasets. Statistical analyses were performed using the
Statistical Package of Social Sciences version 20.0 for Windows (IBM Corp.,
Armonk, NY, USA.), and for the repeated measurement models we used SAS 9.2

(SAS institute, Cary, NC, USA).
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Table S1 Characteristics of mothers and their children

Maternal characteristics
Age (years)
Body mass index
<20 kg/cm?
20-25.0 kg/cm?
25-30.0 kg/cm?
>30 kg/cm?
Missing
Education (%)
Primary, or secondary
Higher
Missing
History of asthma or atopy (%)
No
Yes
Missing
Smoking during pregnancy (%)
No
Yes
Missing
Parity (%)
0
>1
Missing
Maternal psychological distress (%)
No
Yes
Missing
Gestational hypertensive disorders (%)
No
Yes
Missing
Gestational diabetes (%)
No
Yes
Missing
Child characteristics
Female sex (%)

Observed Imputed
30.5 (5.0) 30.5 (5.0)
8.6 (535) 8.6 (536)

54.1 (3,358) 54.0 (3,382)

26.1 (1,621) 26.1 (1,634)
11.2 (696) 11.1 (697)

0.8 (49) -

51.3 (3,055) 52.6 (3,292)

48.7 (2,881) 47.4 (2,967)
5.5 (343) -

60.5 (3,098) 62.2 (3,891)

39.5 (2,024) 37.8 (2,368)

18.2 (1,137) -

83.4 (4,671) 83.4 (5,220)
16.6 (927) 16.6 (1,039)
10.6 (661) -

57.4 (3,571) 57.4 (3,592)

42.6 (2,761651 42.6 (2,667)
0.6 (37) -

91.6 (4,709) 90.6 (5,670)
8.4 (431) 9.4 (589)

17.9 (1,119) -

93.9 (5,768) 93.8 (5,874)
6.1 (374) 6.2 (385)
1.9 (117) -

99.1 (6,005) 98.7 (6,180)
0.9 (57) 1.3 (79)
3.1(197) -

50.1 (3,136) 50.1 (3,136)
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Gestational age at birth (weeks)
Birth weight (grams)
Ethnicity (%)
European
Non-European
Missing
Breastfeeding (%)
Never
Ever
Missing
Pet keeping (%)
No
Yes
Missing
Inhalant allergy at 6 years (%)
No
Yes
Missing

Lower respiratory tract infections at 6 years (%)

No
Yes
Missing

40.1 (35.9-42.3)
3,435 (556)

67.0 (4,042)
33.0 (1,991)
3.6 (226)

7.6 (388)
92.4 (4,713)
18.5 (1,158)

66.5 (3,589)
33.5 (1,804)
13.8 (866)

93.4 (4,754)
6.6 (336)
18.7 (1,169)

95.3 (4,940)
4.7 (241)
17.2 (1,078)

40.1 (35.9-42.3)
3,435 (556)

66.2 (4,143)
33.8 (2,116)

8.7 (545)
91.3 (5,714)

66.9 (4,185)
33.1 (2,074)

92.5 (5,787)
7.5 (472)

94.2 (5,899)
5.8 (360)

Values are means (SD), medians (2.5-97.5" percentile) or percentages (absolute

numbers).
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Table S2 Differences in growth between Rint groups at the age of 6 years (presented in Figure 2)

Difference in fetal length growth

Difference in infant length growth

Intercept P- Slope P- Intercept P- Slope P-
(SD length) value (SD length/ week) value (SD length) value (SD length/ month) value
Respiratory outcome
Low Rint Reference Reference Reference Reference
High Rint 0.160 (-0.091, 0.411) 0.212 -0.008 (-0.016, 0.000) 0.054 -0.230 (-0.272, -0.09) 0.002 0.010 (-0.003, 0.023) 0.120
Difference in fetal weight growth Difference in infant weight growth
Intercept P- Slope P- Intercept P- Slope P-
(SD weight) value (SD weight/ week) value (SD weight) value (SD weight/ month) value
Respiratory outcome
Low Rint Reference Reference Reference Reference
High Rint 0.092 (-0.135, 0.318) 0.426 -0.007 (-0.014, -0.000) 0.040 -0.083 (-0.221, 0.055)  0.240 0.001 (-0.011, 0.013) 0.873

Values are intercepts and slopes from repeated measurement regression models, which were adjusted for maternal age, body

mass index, educational level, history of asthma or atopy, smoking during pregnancy, parity, psychological distress, gestational

hypertensive disorders and diabetes and for child’s sex, gestational age at birth, ethnicity, breastfeeding, and pet keeping. Rint

analyses were additionally adjusted for time period of the measurement.
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Table S3 Differences in growth between wheezing patterns and asthma groups at the age of 6 years (presented in Figure E2)

Difference in fetal length growth

Difference in infant length growth

Intercept P- Slope P- Intercept P- Slope P-
(SD length) value (SD length/ week) value (SD length) value (SD length/ month) value
Never wheezing Reference Reference Reference Reference
Early wheezing 0.009 (-0.163, 0.179) 0.922 -0.002 (-0.008, 0.003) 0.397 -0.062 (-0.157,0.034) 0.204  0.002 (-0.007, 0.010) 0.714
Late wheezing 0.092 (-0.314, 0.498) 0.656 -0.005 (-0.018, 0.009) 0.507 -0.003 (-0.234,0.229) 0.983  -0.005 (-0.026, 0.016) 0.618
Persistent wheezing 0.165 (-0.073, 0.402) 0.174 -0.007 (-0.014, 0.001) 0.084 -0.062 (-0.197,0.073) 0.367  -0.002 (-0.013, 0.010) 0.791
No asthma Reference Reference Reference Reference
Asthma 0.218 (-0.081, 0.517) 0.154 -0.008 (-0.018, 0.002) 0.112 -0.096 (-0.265, 0.073) 0.264  0.004 (-0.010, 0.019) 0.547
Difference in fetal weight growth Difference in infant weight growth
Intercept P- Slope P- Intercept P- Slope P-
(SD weight) value (SD weight/ week) value (SD weight) value (SD weight/ month) value
Never wheezing Reference Reference Reference Reference
Early wheezing -0.008 (-0.157,0.142)  0.921 -0.001 (-0.006, 0.003) 0.619 -0.011 (-0.103, 0.081)  0.812 0.007 (-0.001, 0.015) 0.080
Late wheezing 0.089 (-0.275, 0.452) 0.631 -0.001 (-0.012, 0.010) 0.844 0.058 (-0.155, 0.272) 0.593  -0.007 (-0.025, 0.011) 0.440
Persistent wheezing 0.041 (-0.173, 0.255) 0.708 -0.002 (-0.009, 0.004) 0.508 0.138 (0.008, 0.268) 0.037  -0.007 (-0.018,0.004) 0.211



No asthma Reference Reference Reference Reference

Asthma 0.105 (-0.161, 0.371) 0.439 -0.004 (-0.012, 0.004) 0.379 -0.037 (-0.199, 0.125)  0.654 0.003 (-0.010, 0.017) 0.626

Values are intercepts and slopes from repeated measurement regression models, which were adjusted for maternal age, body
mass index, educational level, history of asthma or atopy, smoking during pregnancy, parity, psychological distress, gestational

hypertensive disorders and diabetes and for child’s sex, gestational age at birth, ethnicity, breastfeeding, and pet keeping. Rint

analyses were additionally adjusted for time period of the measurement.
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Table S4 Associations of fetal and infant growth characteristics per SD from conditional growth models with respiratory outcomes

(presented in Figure 3)

2" trimester

Femur length
n=5,933
Weight
n=5,901

3" trimester

Femur length
n=6,094
Weight
n=6,074

Birth

Length
n=4,106
Weight
n=6,259

Rint Wheezing patterns Asthma
. . Persistent
Early wheezing Late wheezing wheezing
. Odds Ratio Odds Ratio Odds Ratio Odds Ratio
0,
Difference (95% Cl) (95% Cl) (95% Cl) (95% Cl) (95% Cl)
n=3,954 n=1,373 n=225 n=608 n=5,066

-0.08 (-0.17, 0.02)

-0.13 (-0.23, -0.04)**

-0.11 (-0.21, -0.01)*

-0.12 (-0.22, -0.02)*

-0.00 (-0.11, 0.11)

-0.11 (-0.21, -0.01)*

0.96 (0.89, 1.04)

0.96 (0.88, 1.03)

0.99 (0.92, 1.07)

0.96 (0.89, 1.04)

0.95 (0.87, 1.02)

0.96 (0.89, 1.03)

0.95 (0.81, 1.12)

1.01 (0.85, 1.19)

0.88 (0.75, 1.04)

0.94 (0.80, 1.11)

1.08 (0.92, 1.27)

1.12 (0.95, 1.31)

0.98 (0.89, 1.08)

0.94 (0.84, 1.04)

0.92 (0.84, 1.02)

0.95 (0.86, 1.05)

1.01 (0.91, 1.11)

1.01 (0.91, 1.12)

0.98 (0.88, 1.09)

0.99 (0.89, 1.10)

0.97 (0.87, 1.08)

0.95 (0.85, 1.06)

0.97 (0.86, 1.10)

1.02 (0.92, 1.14)
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3 months

Length
n=3,202
Weight
n=3,789

6 months

-0.09 (-0.22, 0.05)

0.03 (-0.08, 0.15)

Length
n=4,217
Weight
n=4,736

Age 1l

Length
n=4,358
Weight
n=4,362

-0.16 (-0.28, -0.04)**

-0.06 (-0.17, 0.05)

-0.08 (-0.19, 0.04)

-0.05 (-0.17, 0.06)

1.02 (0.94, 1.10)

1.07 (0.99 1.16)

0.99 (0.91, 1.08)

1.08 (0.99, 1.18)

1.01 (0.93, 1.09)

1.08 (0.99, 1.17)

1.06 (0.88, 1.29)

1.00 (0.85, 1.17)

0.96 (0.79, 1.15)

1.04 (0.86, 1.25)

1.04 (0.85, 1.27)

0.97 (0.81, 1.17)

1.01 (0.90, 1.14)

1.17 (1.04, 1.31)*

0.95 (0.85, 1.07)

1.06 (0.94, 1.20)

0.97 (0.86, 1.10)

1.00 (0.89, 1.12)

0.96 (0.84, 1.11)

1.03 (0.91, 1.17)

1.04 (0.91, 1.19)

1.04 (0.92, 1.18)

1.00 (0.88, 1.14)

1.00 (0.88, 1.15)

Values are Rint’s z-score change or odds ratios for wheezing patterns, or asthma (95% confidence interval) from conditional

analysis in which associations are independent of the associations at other time points, and reflect the risk per standard deviation of

residual increase in length or weight. *p < 0.05 and **p < 0.01. Models were adjusted for maternal age, body mass index,

educational level, history of asthma or atopy, smoking during pregnancy, parity, psychological distress, gestational hypertensive

disorders and diabetes and for children’s sex, gestational age, ethnicity, breastfeeding, and pet keeping. Rint analyses were

additionally adjusted for time period of the measurement.
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Table S5 Associations of fetal and infant growth characteristics per SD with overall wheezing

2" trimester

Femur length
n=5,933
Weight
n=5,901

3" trimester

Femur length
n=6,094
Weight
n=6,074

Birth

Length
n=4,106
Weight
n=6,259

3 months

Length
n=3,202

1.00 (1.00, 1.00)

1.00 (1.00, 1.00)

1.00 (1.00, 1.00)

1.00 (1.00, 1.00)

0.99 (0.94, 1.03)

0.97 (0.93, 1.00)

0.99 (0.93, 1.05)

Cross-sectional Conditional

Odds Ratio Odds Ratio
(95% CI) (95% CI)
n=4,847 n=4,847

0.98 (0.94, 1.01)

0.96 (0.92, 0.99)*

0.99 (0.95, 1.02)

0.98 (0.94, 1.02)

0.98 (0.95, 1.05)

0.99 (0.95, 1.03)

1.00 (0.95, 1.05)
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Weight

n=3 789 1.16 (1.10, 1.22) 1.07 (1.02, 1.13)
6 months

Length

n=4.217 0.97 (0.92, 1.02) 0.98 (0.94, 1.02)
Weight "

n=4.736 1.11 (1.06, 1.17) 1.03 (0.98, 1.07)
Age 1

el 0.96 (0.91, 1.01) 0.98 (0.93, 1.02)
n=4.358 . 91, 1. . .93, 1.
Weight "

n=4.362 1.09 (1.04, 1.15) 1.02 (0.98, 1.06)

Values are odds ratios (OR) (95% confidence interval) from generalized estimating equation models. *p < 0.05 and **p < 0.01 and
reflect the risk per standard deviation score increase in length or weight. Cross sectional models were dependent of growth at other
time points, conditional models were independent of growth at other time points. Models were adjusted for maternal age, body
mass index, educational level, history of asthma or atopy, smoking during pregnancy, parity, psychological distress, gestational
hypertensive disorders and diabetes and for children’s sex, ethnicity, breastfeeding, and pet keeping and postnatal additionally for

birth weight and gestational age at birth.
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Table S6 Associations of fetal and infant growth characteristics per SD with respiratory outcomes

2" trimester

Femur length
n=5,933
Weight
n=5,901

3" trimester

Femur length
n=6,094
Weight
n=6,074

Birth

Length
n=4,106
Weight
n=6,259

3 months

Length
n=3,202

Rint Wheezing patterns Asthma
. : Persistent
Early wheezing Late wheezing wheezing
. Odds Ratio Odds Ratio Odds Ratio Odds Ratio
0,
Difference (95% Cl) (95% CI) (95% Cl) (95% CI) (95% CI)
n=3,954 n=1,373 n=225 n=608 n=5,066

-0.08 (-0.18, 0.02)

-0.13 (-0.23, -0.03)*

-0.13 (-0.23, -0.04)**

-0.16 (-0.25, -0.06)**

-0.05 (-0.16, 0.05)

-0.18 (0.28, -0.08)**

-0.23 (-0.41, -0.05)*

0.98 (0.91, 1.06)

0.98 (0.91, 1.06)

0.98 (0.90, 1.05)

0.96 (0.89, 1.04)

0.93 (0.86, 1.00)

0.93 (0.87, 1.01)

1.04 (0.93, 1.17)

0.96 (0.81, 1.13)

1.00 (0.85, 1.19)

0.87 (0.74, 1.03)

0.95 (0.81, 1.12)

1.09 (0.91, 1.29)

1.07 (0.91, 1.26)

1.03 (0.78, 1.35)

0.99 (0.89, 1.09)

0.97 (0.87, 1.07)

0.92 (0.83, 1.02)

0.93 (0.84, 1.03)

0.98 (0.89, 1.09)

0.96 (0.87, 1.07)

0.95 (0.80, 1.13)

0.99 (0.89, 1.10)

1.01 (0.91, 1.13)

0.96 (0.86, 1.07)

0.95 (0.85, 1.05)

0.96 (0.85, 1.07)

0.98 (0.87, 1.09)

0.86 (0.69, 1.06)
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Weight
n=3,789

6 months

-0.02 (-0.13, 0.17) 1.16 (1.04, 1.28)* 0.95 (0.76, 1.18) 1.22 (1.06, 1.41)* 1.02 (0.85, 1.21)

Length
n=4,217
Weight
n=4,736

Age 1

-0.32 (-0.47, -1.18)*  1.00 (0.91, 1.10) 0.94 (0.75, 1.16) 0.93 (0.86, 1.00) 1.06 (0.90, 1.25)

-0.08 (-0.22, 0.05) 1.16 (1.06, 1.27)** 1.04 (0.86, 1.26) 1.20 (1.06, 1.36)** 1.09 (0.94, 1.27)

hiﬁgégs -0.23 (-0.36, -0.09)*  1.01 (0.92, 1.11) 1.00 (0.81, 1.23) 0.92 (0.81, 1.04) 0.98 (0.84, 1.15)

\r’]\ij'gghgz -0.11 (-0.25, 0.02) 1.18 (1.08, 1.30)** 0.99 (0.81, 1.21) 1.11 (0.98, 1.26) 1.03 (0.88, 1.19)

Values are Rint’s z-score change or odds ratios (OR) (95% confidence interval) from linear or logistic regression models without
taking account for the same growth measure at other ages. *p < 0.05 and **p < 0.01 and reflect the risk per standard deviation
score increase in length or weight. Models were adjusted for maternal age, body mass index, educational level, history of asthma or
atopy, smoking during pregnancy, parity, psychological distress, gestational hypertensive disorders and diabetes and for children’s
sex, ethnicity, breastfeeding, and pet keeping and postnatal additionally for birth weight and gestational age at birth. Rint analyses

were additionally adjusted for time period of the measurement.
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Table S7 Birth characteristics and respiratory outcomes at the age of 6 years

Gestational age

Preterm birth (<37 weeks)
n=293

Term birth (37- 42 weeks)
n=5,445

Post term birth (>42 weeks)
n=300

Trend (per week)

Absolute birth weight

Low birth weight (<2500 grams)
n=268

Normal birth weight (2500-4500
grams) n=5,634

High birth weight (>4500 grams)
n=136

Trend (weight per 500 grams)

Overall wheezing Wheezing patterns Asthma
Early wheezing Late wheezing PerS|st_ent
wheezing
Odds Ratio Odds Ratio Odds Ratio Odds Ratio Odds Ratio
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
n=4,847 n=1,373 n=225 n=608 n=5,066

1.55 (1.32, 1.92)**
Ref
0.96 (0.81, 1.12)

0.94 (0.92, 0.96)**

1.48 (1.22, 1.80)**
Ref
0.82 (0.65, 1.03)

0.90 (0.97, 0.94)**

1.95(1.40, 2.71)**
Reference
0.90 (0.66, 1.25)

0.91 (0.87, 0.95)**

1.61 (1.13, 2.30)**
Reference
0.78 (0.49, 1.26)

0.87 (0.81, 0.93)**

0.83 (0.30, 2.24)
Reference
0.91 (0.44,1.89)

1.01 (0.91, 1.13)

1.10 (0.48, 2.49)
Reference
0.85(0.31, 2.35)

1.06 (0.90, 1.25)

1.53(0.96, 2.43)
Reference
0.90 (0.59, 1.38)

0.93 (0.88, 0.98)**

1.50 (0.93, 2.44)
Reference
0.80 (0.42, 1.53)

0.91 (0.83, 1.00)*

2.14 (1.47, 3.14)**
Reference
0.69 (0.39, 1.20)

0.90 (0.85, 0.95)**

2.04 (1.36, 3.07)**
Reference
0.73 (0.33, 1.59)

0.87 (0.79, 0.96)**
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Birth weight for gestational

age
ﬁgal'f'ze for gestational age 1.06 (0.86, 1.29) 1.14 (0.82,1.61)  0.65(0.27,1.54) 1.02 (0.64,1.64)  0.92 (0.55, 1.52)
ApproPrlate size for gestational Ref Reference Reference Reference Reference
age n=5,631

hi;glas'ze for gestational age 0.85 (0.72, 1.01) 0.71(0.51, 1.00)* 1.16 (0.63,2.14)  0.84 (0.54,1.32)  0.88 (0.53, 1.46)
Trend (per SD) 0.96 (0.93, 1.00)* 0.93(0.87,1.01) 1.07 (0.91,1.26) 0.96 (0.87, 1.07)  0.98 (0.87, 1.09)

Values are odds ratios (OR) and, if continuously measured, reflect the risk of respiratory outcomes per 500 grams birth weight or
week of gestational age or per SD of size for gestational age increase (95% confidence interval). We used never wheezing
(n=2,641) and no asthma (n=4,675) as reference groups. *p < 0.05, **p < 0.01. Models were adjusted for maternal age, body mass
index, educational level, history of asthma or atopy, smoking during pregnancy, parity, psychological distress, gestational
hypertensive disorders and diabetes, and for child’s gender, ethnicity, breastfeeding habits, and pet keeping. Small size for
gestational age was defined as the lowest 5% (SD=-1.74) and large size for gestational age was defined as the highest 5%

(SD=1.59) of size for gestational age
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Figure S1 Differences in fetal and infant growth (length, weight) between wheezing

and asthma groups at the age of 6 years
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Lines are differences in length or weight growth in fetal life or infancy between the

respiratory outcome groups wheezing pattern (never; early; late; persistent), or

asthma (no; yes). Values were obtained from longitudinal repeated measurement

models. *p < 0.05 and **p < 0.01, given for the difference in growth over time.

Specific estimates and p-values are given in table S3. Models were adjusted for

maternal age, body mass index, educational level, history of asthma or atopy,

smoking during pregnancy, parity, psychological distress, gestational hypertensive

disorders and diabetes and for children’s sex, gestational age, ethnicity,

breastfeeding, and pet keeping.
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Figure S2 Associations of independent fetal and infant growth characteristics per SD

with wheezing and asthma at the age of 6 years
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Values are odds ratios (OR) for wheezing patterns (A, B), or asthma (C, D) (95%
confidence interval) from conditional analysis in which associations are independent
of the associations at other time points, and reflect the risk per standard deviation of
residual increase in length or weight. We used never wheezing and no asthma as
the reference group (not shown). Specific estimates and p-vales are given in online
data supplement (Table S4). *p < 0.05 and **p < 0.01. Models were adjusted for

maternal age, body mass index, educational level, history of asthma or atopy,
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smoking during pregnancy, parity, psychological distress, gestational hypertensive
disorders and diabetes and for children’s sex, gestational age, ethnicity,

breastfeeding, and pet keeping.
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