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Key messages

What is the key question?
 ► How does timing of exposure to secondhand 
smoke (SHS), pets, and dampness or mould 
relate to lung function in adolescence?

What is the bottom line?
 ► Exposure to SHS in all time windows until 
age 12 could lead to lower lung function 
and reduced lung function growth towards 
adolescence. Pet exposure in late childhood 
may lead to higher attained lung function and 
increased lung function growth in adolescence, 
but early life pet and dampness or mould 
exposure may have adverse effects on lung 
function growth.

Why read on?
 ► Our study points to the importance of timing 
of exposure to SHS, pets, and dampness or 
mould throughout the life course in relation to 
lung function in adolescence, which is rarely 
investigated. To our knowledge, it is also the 
first study to investigate associations of pet 
and dampness or mould exposure with lung 
function growth beyond childhood.

AbsTRACT
background The relevance of timing of exposure in the 
associations of secondhand tobacco smoke (shs), pets, 
and dampness or mould exposure with lung function is 
unclear. We investigated the relevance of timing of these 
exposures for lung function in adolescence.
Methods We used data from participants of the Dutch 
Prevention and incidence of asthma and Mite allergy 
(PiaMa) cohort with spirometric measurements at ages 
12 and 16 years (n=552). Data on residential exposure 
to shs, pets, and dampness or mould were obtained 
by repeated parental questionnaires. We characterised 
timing of exposure through longitudinal patterns using 
latent class growth modelling and assessed associations 
of these patterns with FeV1 and FVc at ages 12 and 
16 and FeV1 and FVc growth between ages 12 and 16 
using linear regression models.
Results childhood shs exposure was associated with 
reduced FeV1 growth/year (95% ci) (−0.34% (−0.64% 
to −0.04%)). late childhood and early life pet exposure 
was associated with increased FeV1 growth (0.41% 
(0.14% to 0.67%)) and reduced FVc growth (−0.28% 
(−0.53% to −0.03%)), respectively, compared with very 
low exposure. early life dampness or mould exposure 
was associated with reduced lung function growth. all 
time windows of shs exposure tended to be associated 
with lower attained lung function and pet exposure 
tended to be associated with higher FeV1.
Conclusion shs exposure during childhood could lead 
to reduced lung function growth and lower attained 
lung function in adolescence. While pet exposure in late 
childhood may not adversely affect lung function, early 
childhood pet exposure may slow down FVc growth in 
adolescence.

InTRoduCTIon
Household environmental exposures such as 
secondhand tobacco smoke (SHS), pets, and damp-
ness or mould are modifiable risk factors for adverse 
respiratory health effects and lung function deficits 
in children.1

Associations of SHS exposure with lung function 
in children have been reported across cross- sectional 
and longitudinal studies,2–8 but evidence is incon-
sistent. While some studies have reported associ-
ations of early life SHS exposure with lower lung 
function,9 10 another study has reported no adverse 
associations of current SHS exposure between 9 
and 15 years with lung function in adolescents aged 
9–15 except in wheezing children.11 SHS exposure 
during infancy was associated with reduced growth 

of pulmonary function in children aged 8–17 
years12 and in adolescent girls only9 in some studies, 
but another study has also reported no associations 
of SHS exposure with lung function growth except 
in male children with lower lung function at base-
line aged 5–15 years.13

Few studies have investigated associations of 
pet exposure with lung function in childhood 
and adolescence. The Avon Longitudinal Study of 
Parents and Children (ALSPAC) study showed no 
associations between pet exposure and FEV1 and 
FVC at 8 years,14 but current pet exposure was asso-
ciated with lower FEV1 and FVC in 11- year- olds 
in the Seven Northeastern Cities (SNEC) study.15 
Another study investigated association of pet expo-
sure with lung function in adolescence and found 
dog and/or cat exposure to be associated with 
higher lung function in asthmatic girls.1 None of 
these studies, however, assessed associations of pet 
exposure with lung function growth.

There is limited literature on associations of 
dampness or mould exposure with lung func-
tion. Small reductions in lung function have been 
reported for current dampness or mould exposure 
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Table 1 Study population characteristics

Characteristics

study population (n=552)

(n/n) (%)

Parental allergy

Allergic mother
Allergic father

178/552
187/551

32.2
33.9

Boys 251/552 45.4

Presence of pets at 1 year 226/489 41.1

Dampness or mould at 1 year 49/540 9.1

Breast feeding >12 weeks 330/552 59.7

Gas cooking at 3 months 471/549 85.8

Maternal smoking during 
pregnancy

68/548 12.4

Indoor SHS exposure at 1 year 109/551 19.7

Parental education

  Low
  Intermediate
  High

38/552
167/552
347/552

6.8
30.2
62.8

Parental country of birth 
(Netherlands)

530/545 97.2

Asthma until 8 years 129/552 23.3

Respiratory infections 3 weeks before lung function 
measurement

  12 years
  16 years

182/552
233/552

32.9
42.2

Active smokers at age 14/16 years 44/552 7.9

SHS, secondhand smoke.

Table 2 Age, anthropometric measures and lung function 
measurements

Variable
Age 12
(mean, sd)

Age 16
(mean, sd)

Mean difference 
(sd)

Age (years) 12.6 (0.3) 16.3 (0.2) 3.7 (0.4)

Weight (kg) 48.2 (8.6) 64.1 (9.9) 15.9 (7.4)

Height (cm) 160.4 (7.5) 175.5 (8.5) 15.1 (7.9)

FEV1 (mL) 2733 (434) 3939 (705) 1206 (163)

FVC (mL) 3244 (511) 4710 (847) 1466 (191)

Girls (n=301)

  Age (years) 12.7 (0.4) 16.3 (0.2) 3.6 (0.5)

  Weight (kg) 48.7 (8.6) 60.8 (8.7) 12.1 (5.9)

  Height (cm) 160.8 (7.2) 170.2 (6.1) 9.4 (4.8)

  FEV1 (mL) 2751 (422) 3517 (440) 766 (316)

  FVC (mL) 3218 (509) 4170 (517) 952 (370)

Boys (n=251)

  Age (years) 12.6 (0.3) 16.3 (0.2) 3.7 (0.5)

  Weight (kg) 47.4 (8.5) 67.9 (9.9) 20.5 (6.4)

  Height (cm) 159.9 (7.9) 181.7 (6.5) 21.8 (5.3)

  FEV1 (mL) 2711 (448) 4444 (626) 1733 (435)

  FVC (mL) 3274 (513) 5359 (697) 2085 (506)

in children aged 6–12 years.16 No study has investigated associa-
tions of dampness or mould exposure with lung function growth 
in adolescence.

The inconsistency observed in the aforementioned studies 
could be attributed to the different ranges of ages studied, 
different exposure assessments and different study designs. 
Currently, focus on associations of longitudinal patterns of SHS, 
pet, and dampness or mould exposures with lung function and 
lung function growth is rare. However, it may give insights into 
relevance of timing of exposure, potential windows of suscepti-
bility and consequently windows of opportunity for prevention 
of lung function growth deficits, which have long- term health 
consequences beyond adolescence.17

We aimed to investigate associations of timing of SHS, pets, 
and dampness or mould exposure with lung function growth 
from ages 12 to 16 and lung function level attained at ages 12 
and 16 using longitudinal patterns of exposure from pregnancy 
until 12 years. Potential modifications of associations by sex 
were explored as these have been suggested for SHS9 and pet 
exposure.15

MeThods
Data were obtained from the Dutch population–based Preven-
tion and Incidence of Asthma and Mite Allergy (PIAMA) birth 
cohort study that has been described previously in detail.18 In 
brief, pregnant women were recruited and the baseline study 
population consisted of 3963 children born between 1996 and 
1997. Information on residential exposures, health and life-
style characteristics was obtained by parental questionnaires 
completed during pregnancy, 3 months after birth, annually from 
age 1 to 8, and then at ages 11, 14, 16 (children who participated 

in the medical examination) and 17. Medical examinations were 
performed at ages 8, 12 and 16. The current study population 
consists of children with lung function measurements at both 
ages 12 and 16, and data on SHS, pet and/or dampness or mould 
exposure (n=552).

exposure assessment
Exposure was defined based on questionnaires administered 
from pregnancy (SHS and pets) or from 3 months (dampness or 
mould) until age 12.

secondhand smoke
SHS exposure during pregnancy was defined as maternal smoking 
during the first 4 weeks of pregnancy. After birth until age 12, 
SHS exposure was defined as any smoking in the child’s home, 
assessed by the question “Does anyone smoke in the house” (yes, 
yes but less than once a week, never) dichotomised as yes (for all 
yes responses) and no (never).

Pet exposure
The question “Do you keep a dog/cat/rodent indoors?” (yes, no) 
asked separately for each pet was used to assess exposure to pets.

dampness or mould
The question “Have you seen any moisture stains or mould on 
the ceiling or walls in the last 12 months?” (yes, no) was used to 
assess dampness or mould exposure. Assessment was restricted 
to presence of dampness or mould in the living room or child’s 
bedroom because this is where children are expected to spend 
most of their time.

Longitudinal patterns of exposure
Time- varying responses to questions on SHS, pets, and damp-
ness or mould exposures were characterised into longitudinal 
exposure patterns from pregnancy until age 12 using Latent 
Class Growth Modelling (TRAJ procedure in SAS V.9.4, Cary, 
USA).19 The procedure allocates individuals into patterns based 
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Figure 1 Longitudinal patterns of SHS, pets, and dampness or mould exposure with pattern frequencies.

on posterior probabilities. To establish the number of exposure 
patterns, we first assumed one constant pattern by specifying 
the intercept and added additional patterns until model perfor-
mance according to the Bayesian Information Criterion (BIC) 
was no longer improved. Final choice of number of patterns was 
based on model with smallest BIC and practical plausibility, for 
example, groups with less than 2% class membership or groups 
with similar shapes were combined as these did not provide new 
information regarding exposure patterns. All children with data 
on exposure for at least one time point (missing data for one or 
more, but not all time points) were included in the latent class 
modelling procedure.

Lung function
Lung function (FEV1 and FVC) measurements were performed 
during medical examinations at ages 12 and 16. Details of the 
measurements have been described elsewhere.20 21 A total of 
1292 and 721 children had successful lung function measure-
ments at ages 12 and 16, respectively, and 552 had measure-
ments at both ages (online supplementary figure E1). Percentage 
of annual lung function growth was modelled by taking log of 
the difference in lung function between ages 12 and 16 and 
then dividing this difference by time (in years) between the two 
measurements. We used EasyOne spirometers (NDD Medical 
Technologies, Switzerland) at age 12 and both Jaeger Master-
screen pneumotachograph (CareFusion, Yorba Linda, California, 
USA) and EasyOne spirometers at age 16.21 All measurements 
were performed following American Thoracic Society/European 
Respiratory Society recommendations.22 At least three accept-
able manoeuvres were required for each child. We also included 
measurements, which did not meet these criteria (difference 

between largest and next largest value ≤150 mL for FEV1 and 
FVC) but were obtained from technically acceptable trials with 
differences between largest and next largest values for FEV1 and 
FVC ≤200 mL (n=125 at age 12 and n=67 at age 16).

Potential confounders
The following a priori selected variables that were obtained 
during the medical examination and from parental question-
naires were considered as potential confounders based on 
evidence from literature on their relationship with lung function 
and/or the respective exposures: sex, height, weight and age at 
the time of medical examination were included as predictors of 
lung function22; height, weight and age were log- transformed as 
described elsewhere23 24 in view of the strongly non- linear rela-
tionships between lung function and these factors. Maternal and 
paternal allergy (defined as positive if the father and/or mother 
ever had asthma, were allergic to house dust, house dust mite 
or pets, or had hay fever) was adjusted for as it predisposes to 
asthma and allergic disease and may be associated with (avoid-
ance of) exposure.25 26 We also adjusted for respiratory infections 
during the 3 weeks before lung function measurement as this 
may influence lung function, breast feeding at 12 weeks (yes/
no) because breast feeding has been shown to enhance lung 
volume in children,27 parental country of birth (Netherlands, 
yes/no) to account for ethnic differences in lung function,22 
as well as gas cooking at 3 months (yes/no), estimated annual 
average outdoor NO2 concentrations at the birth address and 
birth weight because these are considered/known risk factors of 
lower lung function.21 28–30 Models with patterns of pet expo-
sure were additionally adjusted for maternal smoking during 
pregnancy, SHS exposure and presence of dampness or mould 
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Table 3 Associations of longitudinal patterns of SHS, pets, and dampness or mould exposure with per cent difference in annual growth of FEV1 and 
FVC from ages 12 to 16

% difference in FeV1 growth/year (95% CI) % difference in FVC growth/year (95% CI)

Crudeα (n=552) Adjustedβ (n=525) Crudeα (n=552) Adjustedβ (n=525)

SHS

  Persistently low vs very low 0.16 (−0.14 to 0.47) 0.30 (−0.01 to 0.62) 0.20 (−0.11 to 0.50) 0.31 (0.00 to 0.64)

  Early life vs very low 0.15 (−0.13 to 0.44) 0.31 (0.01 to 0.61) 0.06 (−0.22 to 0.35) 0.32 (0.03 to 0.62)

  Childhood vs very low −0.48 (−0.76 to −0.19) −0.34 (−0.64 to −0.04) −0.28 (−0.56 to −0.00) −0.04 (−0.33 to 0.26)

Pets         

  Early life vs very low −0.03 (−0.28 to 0.21) 0.02 (−0.24 to 0.27) −0.34 (−0.58 to −0.10) −0.28 (−0.53 to −0.03)

  Mid- childhood vs very low −0.23 (−0.52 to 0.07) −0.09 (−0.40 to 0.21) −0.16 (−0.45 to 0.13) −0.04 (−0.34 to 0.26)

  Late childhood vs very low 0.18 (−0.07 to 0.43) 0.41 (0.14 to 0.67) −0.46 (−0.70 to −0.21) −0.14 (−0.39 to 0.12)

  Persistently high vs very low −0.32 (−0.51 to −0.14) −0.26 (−0.46 to −0.06) −0.43 (−0.61 to −0.25) −0.33 (−0.53 to −0.14)

Dampness or mould         

  Early life vs very low −0.74 (−1.01 to −0.46) −0.77 (−1.05 to −0.49) −0.53 (−0.81 to −0.26) −0.56 (−0.83 to −0.28)

  Moderate late childhood vs very low 0.10 (−0.14 to 0.35) 0.05 (−0.19 to 0.30) 0.05 (−0.19 to 0.30) −0.02 (−0.26 to 0.23)

  Mid- childhood vs very low 0.10 (−0.32 to 0.51) 0.04 (−0.37 to 0.46) −0.18 (−0.59 to 0.23) −0.23 (−0.63 to 0.18)

α Adjusted for sex, log transformations of differences in height, weight and age between the 12- year and 16- year lung function measurements. β Adjusted for sex, log 
transformations of differences in height, weight and age between the 12- year and 16- year lung function measurements, parental education, maternal and paternal allergy, 
breast feeding at 12 weeks, maternal smoking during pregnancy, indoor SHS at 1 year (except in models with SHS exposure), use of gas for cooking at 3 months, annual average 
NO2 concentration at the birth address, birth weight, dampness or mould in the child’s home at 1 year (except in models with dampness or mould exposure), pets in the home at 
1 year (except in models with pet exposure), respiratory infections in the past 3 weeks before medical examination.
SHS, secondhand smoke.

in the child’s home during the first year; models with patterns of 
SHS exposure were additionally adjusted for pets and dampness 
or mould in the child’s home during the first year; and models 
with patterns of dampness or mould exposure were additionally 
adjusted for maternal smoking during pregnancy, SHS and pets 
in the child’s home during the first year. These mutual adjust-
ments of the respective exposures (defined as binary variables, 
yes/no) were performed to take into account the relationship of 
an exposure and lung function in the presence of the other two 
respective exposures.

statistical analyses
We used linear regression models to assess associations of 
longitudinal exposure patterns with growth in FEV1 and FVC 
between 12 and 16 years and attained levels of FEV1 and FVC at 
ages 12 and 16. FEV1 and FVC were log- transformed because of 
their strong non- linear relationships with age, height and weight 
as reported in the Harvard Six Cities study23 and in other studies 
including our own.20 24 31 Longitudinal exposure patterns were 
included as independent variables. Associations with lung func-
tion growth are expressed as per cent difference in growth per 
year and associations with attained level of lung function at ages 
12 and 16 are expressed as per cent difference; both relate to the 
geometric means of the lung function variables and were calcu-
lated from estimated regression coefficients β as (eβ−1)×100. 
Exposure patterns defined as ‘very low’ were used as reference 
categories. To account for uncertainty in allocation of patterns, 
we created multiple records for each participant (one for each 
exposure pattern) and weighted records by respective poste-
rior probabilities in all analyses. Crude models assessing lung 
function growth were adjusted for sex, log transformations of 
differences in height, weight and age between lung function 
measurements and crude models of attained level of FEV1 or 
FVC at ages 12 and 16 were adjusted for sex, log transforma-
tions of height, weight and age. All models were further adjusted 
for all other mentioned confounders in adjusted analyses. We 

used the STROBE (Strengthening the Reporting of Observa-
tional Studies in Epidemiology) cohort reporting guidelines.32 
Statistical analyses were performed in SAS V.9.4 at 0.05 level of 
significance.

sensitivity analyses
As part of sensitivity analyses, we investigated sex interactions 
as development and progression of certain common respiratory 
diseases has been found to differ by sex.33 34 We also performed 
stratified analyses by parental allergy status. We excluded chil-
dren who reported respiratory infections in the previous 3 weeks 
before lung function measurements. We also repeated analyses 
after excluding both childhood asthmatics until age 8 and chil-
dren whose parents had removed pets because of any family 
member allergies (n=129) as it has been suggested that child-
hood asthma may influence pet avoidance and this may distort 
associations of pet exposure.35 In addition, we repeated analyses 
excluding active smokers at either age 14 or 16 (n=44).

ResuLTs
Table 1 shows study population characteristics. In total, 12.4% 
of the children were exposed to maternal smoking during 
pregnancy; 41.1% owned pets, and 9.1% were exposed to 
dampness or mould in the first year of life. Mean (SD) FEV1 
was 2733 (434) mL and 3939 (705) mL at ages 12 and 16, 
respectively. Mean (SD) FVC was 3244 (511) mL and 4710 
(847) mL at ages 12 and 16, respectively (table 2). Box plots 
indicating distributions of lung function values across different 
patterns of exposures of interest have been presented in online 
supplementary figures E2–E4. There were fewer children who 
owned pets, who were exposed to maternal smoking during 
pregnancy and more children with highly educated parents in 
the study population than in the baseline population (online 
supplementary table E1). Compared with the study popula-
tion, the excluded population of children with lung function 
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Figure 2 Adjusted associations of longitudinal patterns of SHS, pets, and dampness or mould exposure with FEV1 level (% difference) at ages 12 
and 16. Adjusted for sex, height, weight and age, parental education, maternal and paternal allergy, breast feeding at 12 weeks, maternal smoking 
during pregnancy, indoor SHS at 1 year (except in models with SHS exposure), use of gas for cooking at 3 months, annual average NO2 concentration 
at the birth address, birth weight, dampness or mould in the child’s home at 1 year (except in models with dampness or mould exposure), pets in the 
home at 1 year (except in models with pet exposure), respiratory infections in the past 3 weeks before medical examination.

measurements at age 12, but not at age 16 had more boys, 
fewer children breast fed for 12 weeks or more, fewer children 
exposed to gas cooking, fewer children of low educated parents 
and more children exposed to SHS during the first year (online 
supplementary table E1). Online supplementary table E2 pres-
ents frequencies of surveys with missing exposure data. More 
than 92% of the children had complete SHS and pet exposure 
data from pregnancy until age 12; 76% of the children had 
complete dampness or mould exposure data from 3 months 
until age 12 and 22% had one missing value for that period. 
For all three exposures, no more than 1% of the children had 
three or more missing values.

We identified four (SHS and dampness or mould) and five 
(pets) exposure patterns including, for every exposure, a very 
low probability of exposure pattern throughout childhood, 
higher probability of exposure in early life and higher prob-
ability of childhood exposure (figure 1). We also identified a 
persistently low exposure pattern of SHS exposure. Univariate 
associations of patterns of exposure with selected participant 
characteristics are presented in online supplementary table E3 
Very low exposure patterns were generally characterised with 
children with higher odds of having allergic and/or highly 
educated parents while high persistent exposure patterns were 
characterised by children with low educated and/or less allergic 
parents.

Associations of exposure patterns with lung function growth
Crude associations of exposure patterns with lung function 
growth and attained lung function were generally similar to 
adjusted associations (table 3 and, online supplementary file 1 
table E4).

Higher probability of childhood SHS exposure was associ-
ated with reduced FEV1 growth between ages 12 and 16 (per 
cent difference in growth/year (95% CI) −0.34% (−0.64% 
to −0.04%)) compared with very low exposure (table 3). In 
contrast, higher probability of early life and persistently low 
SHS exposure were not negatively associated with lung function 
growth.

Higher probability of late childhood pet exposure was asso-
ciated with increased FEV1 growth (0.41% (0.14% to 0.67%)) 
compared with very low exposure while persistently high and 
early life pet exposure were associated with reduced FVC 
growth; −0.33% (−0.53% to −0.14%) and −0.28% (−0.53% 
to −0.03%), respectively.

Higher probability of early life dampness or mould expo-
sure was associated with both reduced FEV1 and FVC growth 
(table 3).

Associations of exposure patterns with lung function level
We observed lower lung function levels in children with child-
hood SHS exposure, for example, per cent difference (95% CI) 
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Figure 3 Adjusted associations of longitudinal patterns of SHS, pets, and dampness or mould exposure with FVC level (% difference) at ages 12 and 
16. Adjusted for sex, log transformations of height, weight and age, parental education, maternal and paternal allergy, breast feeding at 12 weeks, 
maternal smoking during pregnancy, indoor SHS at 1 year (except in models with SHS exposure), use of gas for cooking at 3 months, annual average 
NO2 concentration at the birth address, birth weight, dampness or mould in the child’s home at 1 year (except in models with dampness or mould 
exposure), pets in the home at 1 year (except in models with pet exposure), respiratory infections in the past 3 weeks before medical examination.

Figure 4 Longitudinal patterns of cat, dog and rodent exposure with pattern frequencies.
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Table 4 Adjusted associations of longitudinal patterns of cat, dog 
and rodent exposure with annual per cent difference in growth of FEV1 
and FVC from ages 12 to 16

n=524
% difference in FeV1 
growth/year (95% CI)

% difference in FVC 
growth/year (95% CI)

Cats

  Early life vs very low −0.09 (−0.38 to 0.20) −0.71 (−0.99 to −0.42)

  Late childhood vs very 
low

0.41 (0.05 to 0.77) 0.08 (−0.25 to 0.43)

  Persistently high vs very 
low

−0.46 (−0.71 to −0.22) −0.33 (−0.55 to −0.08)

Dogs

  Late childhood vs very 
low

−0.18 (−0.61 to 0.26) −0.34 (−0.76 to 0.08)

  Persistently high vs very 
low

−0.26 (−0.56 to 0.05) −0.11 (−0.40 to 0.19)

Rodents

  Early childhood vs very 
low

−0.75 (−1.15 to −0.35) −0.80 (−1.19 to −0.41)

  Late childhood vs very 
low

0.25 (0.01 to 0.48) 0.35 (0.12 to 0.58)

  Mid- childhood vs very 
low

0.13 (−0.27 to 0.52) 0.28 (−0.10 to 0.67)

Adjusted for sex, log transformations of differences in height, weight and age 
between the 12- year and 16- year lung function measurements, parental education, 
maternal and paternal allergy, breast feeding at 12 weeks, maternal smoking during 
pregnancy, indoor secondhand smoke at 1 year, use of gas for cooking at 3 months, 
annual average NO2 concentration at the birth address, birth weight, dampness 
or mould in the child’s home at 1 year, respiratory infections in the past 3 weeks 
before medical examination.

−1.88% (−3.47% to −0.26%) for FEV1 at age 16, as well as 
persistently low exposure (−1.77% (−3.45% to −0.06%)) for 
FEV1 at age 12 (figure 2, online supplementary table E4). Higher 
probability of SHS exposure in early life was associated with 
lower attained levels of FVC especially at age 12 compared with 
very low probability of SHS exposure (figure 3).

Exposure to pets during mid- childhood and late childhood 
was associated with higher attained levels of lung function, for 
example, per cent difference 4.78% (3.32% to 6.27%) in FEV1 
at age 16 and 2.21% (0.98% to 3.45%) in FVC at age 16 for late 
childhood exposure. All other pet exposure patterns (ie, proba-
bility of early life exposure and persistently high exposure) also 
tended to be associated with higher attained FEV1 and FVC at 
both 12 and 16 years (figures 2 and 3, online supplementary 
table E4).

Moderate late childhood and mid- childhood dampness or 
mould exposure was associated with lower FEV1 and FVC at 
ages 12 and 16. In contrast, we observed higher FEV1 and FVC 
at age 12 with early life dampness or mould exposure (figures 2 
and 3, online supplementary table E4).

Figure 4 shows distinct patterns of exposure to cats, dogs 
and rodents separately. In general, similar patterns of exposure 
were observed across different pets. Associations of individual 
pet exposure patterns with lung function were complex. Higher 
probability of cat and rodent exposure in early life was associ-
ated with reduced FEV1 and FVC growth, but late childhood 
exposure to these pets was generally associated with higher level 
of attained FEV1 and FVC. Dog exposure was generally associ-
ated with lower lung function and reduced lung function growth 
(table 4, figures 5 and 6).

sensitivity analyses
Associations between all exposures of interest and lung function 
growth were inconsistent between boys and girls (online supple-
mentary table E5). Both boys and girls tended to have lower 
FEV1 and FVC at age 12 with early life exposure to SHS though 
weaker in girls. Boys tended to have higher FEV1 at age 16 with 
late childhood pet exposure (eg, p value of interaction <0.001; 
online supplementary table E6).

We did not observe different associations with SHS exposure 
patterns for children of allergic and non- allergic parents, except 
for stronger associations of SHS exposure with lower attained 
FVC in children of allergic parents (online supplementary tables 
E7 and E8). All patterns of pet exposure were consistently asso-
ciated with higher attained lung function at ages 12 and 16 
in children of non- allergic parents. Late childhood pet expo-
sure was associated with increased FEV1 growth in children of 
allergic parents, but persistently high exposure was associated 
with reduced FEV1 and FVC growth in this group. There were 
generally no differences in association for dampness or mould 
exposure (online supplementary tables E7 and E8).

Excluding children who had respiratory infections during 
the 3 weeks before lung function measurements did not change 
results (online supplementary tables E9–E10). Results were 
similar when we excluded asthmatics and children of parents 
who reported removal of pets due to family allergies (online 
supplementary table E11), but a stronger reduction in attained 
FVC with pet exposure was observed when we excluded active 
smokers (online supplementary table E12).

dIsCussIon
In our prospective birth cohort, we assessed the role of different 
timing of exposure in relation to lung function (growth) using 
longitudinal exposure patterns. Higher childhood SHS exposure 
was associated with reduced lung function growth and all periods 
of SHS exposure until age 12 tended to be associated with lower 
attained lung function in adolescence. Late childhood and early 
life pet exposure was associated with increased FEV1 growth 
and reduced FVC growth, respectively, while all pet exposure 
periods tended to be associated with higher attained lung func-
tion compared with very low pet exposure. Early life exposure 
to dampness or mould was associated with reduced lung func-
tion growth and in contrast early life dampness or mould expo-
sure was associated with higher level of lung function at both 
ages 12 and 16.

Lung function and shs
Our findings suggest that continued exposure to SHS from birth 
until childhood may lead to reduced FEV1 growth and lower 
attained lung function in adolescence, indicating possible airway 
obstruction and reduced lung volume. The associations of contin-
uous SHS childhood exposure with reduced FEV1 growth are 
consistent with findings of other longitudinal studies that have 
studied similar associations.9 12 13 SHS exposure was associated with 
lower attained FEV1 at age 16 as reported in multiple studies.9 34 36 
However, only one study addressed different timing of SHS expo-
sure and lung function in adolescence8 and reported, in contrast 
to our study, no significant associations of SHS exposure at 3 
months or at age 16 years with lung function at age 16. Likewise, 
another study reported no significant associations of current SHS 
exposure between ages 9 and 15 with FEV1 or FVC in children 
9–15 years old.11 We contribute to the increasing body of evidence 
that suggests that effects of continued SHS exposure during child-
hood on lung function can persist throughout childhood and into 
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Figure 5 Associations of longitudinal patterns of cat, dog and rodent exposure with FEV1 level (% difference) at ages 12 and 16 (adjusted for sex, 
log transformations of height, weight and age, parental education, maternal and paternal allergy, breast feeding at 12 weeks, maternal smoking 
during pregnancy, indoor secondhand smoke at 1 year, use of gas for cooking at 3 months, annual average NO2 concentration at the birth address, 
birth weight, dampness or mould in the child’s home at 1 year, respiratory infections in the past 3 weeks before medical examination).

adolescence.2 6 37 The observed positive associations of early life 
SHS exposure with lung function growth in adolescence may 
point to the possibility that the lungs of children whose parents 
smoked in early life but quit in early years of the child may benefit 
from sustained parental smoking abstinence. Exact mechanisms 
by which SHS affects lung function are unclear, but altered organ 
maturation and immune function have been suggested though 
mechanisms may vary across phases of lung growth and develop-
ment, extending from in utero to completion of lung growth in 
late adolescence.38

Lung function and pets
Few studies have investigated associations of pet exposure with 
childhood or adolescent lung function while none have investi-
gated pet exposure and lung function growth. Existing evidence 
is conflicting as pet exposure has been associated with lower15 
and higher lung function.1 Null associations have also been 
reported.14 Pet exposure in late childhood was associated with 
increased FEV1 growth and higher FEV1 and FVC in adoles-
cence in our study pointing to either beneficial effects or selec-
tion/reverse causation as allergic parents whose children have an 
increased risk of being allergic may avoid pets (online supple-
mentary table E2). Further investigations on pet avoidance due 
to early childhood respiratory symptoms showed no association 
between childhood asthma and rhinitis and pattern membership 
(online supplementary table E13), suggesting that asthma and 
rhinitis in early and mid- childhood were not reasons for parents 

to avoid pets until late childhood in our cohort. In contrast, early 
life and persistently high exposure to pets was associated with 
reduced FVC growth which may be partly in line with studies 
that have reported lower lung function in relation to pet expo-
sure. One study reported associations of cat, dog and rodent 
exposure with higher lung function in adolescents1 and in chil-
dren.14 We observed similar associations with cats and attained 
FEV1, but early life cat, rodent and all patterns of dog exposure 
were associated with reduced and lower FVC (growth). Studies 
have suggested that IgE- associated inflammation responses 
could be responsible for allergic lung inflammation due to pet 
exposure,39 but this remains controversial as IgE- related mecha-
nisms are also attributed to protective effects of asthma and it is 
unclear what role this could play in improved lung function. The 
majority of the parents kept one type of pet at a time, but some 
parents kept more than one type of pet (online supplementary 
figure E5). This raises the possibility of pet–pet interactions in 
relation to lung function, but numbers are too small to explore 
these interactions in the present study population.

Until now, existing literature focused on pet exposure and 
lung function in childhood. Our study extends into adolescence 
and our findings suggest that late childhood pet exposure may 
be a relevant exposure period in our study but also that high 
persistent and early life exposure from birth into adolescence 
may have adverse effects on FVC growth. Presence of pets in 
the home which has been linked to higher concentrations of 
endotoxins has also been linked to reduced risks of allergic 
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Figure 6 Associations of longitudinal patterns of cat, dog and rodent exposure with FVC level (% difference) at ages 12 and 16 (adjusted for sex, 
log transformations of height, weight and age at medical examination, parental education, maternal and paternal allergy, breast feeding at 12 weeks, 
maternal smoking during pregnancy, indoor secondhand smoke at 1 year, NO2 concentration at the birth address, birth weight, use of gas for cooking 
at 3 months, dampness or mould in the child’s home at 1 year, respiratory infections in the past 3 weeks before medical examination).

sensitisation and, less consistently, asthma.40–42 However, the 
relationship with lung function is unclear. A recent review43 
reported weak reductions in FEV1 and FVC in relation to endo-
toxin exposure, but evidence was from occupational studies and 
in adults. This warrants more studies on pet exposure and lung 
function (growth) towards adolescence.

Lung function and dampness or mould
Associations with dampness or mould exposure have been 
reported for respiratory symptoms in children, but rarely with 
lung function in adolescence. Current dampness exposure was 
weakly associated with lower FEV1 in Dutch children 8–12 years 
old,16 but no associations were observed in Danish children aged 
6–10 yearsd.44 Scarcity of evidence for associations between 
dampness or mould exposure and lung function (growth) in 
adolescents limits comparisons of our findings though we did 
not observe consistent associations. Higher lung function at age 
12 was observed for early life exposure, but reduced growth 
between ages 12 and 16 was also observed as well as lower 
attained lung function for moderate and mid- childhood expo-
sure patterns. It has been suggested that complex interactions of 
factors which are set in motion after inhaling mould fragments, 
toxins or spores can induce airway inflammation45 leading to 
restricted function of the lungs.

strengths and limitations
We consider characterisation of exposure from pregnancy/birth 
until adolescence through longitudinal patterns, investigation 

of timing of exposure based on repeated exposure assessments 
and assessment of associations of these longitudinal patterns 
with lung function growth in adolescence as major strengths and 
novelty of our study.

Several limitations are considered. Exposure was assessed 
through self- reports and parents may under- report or over- 
report exposures due to knowledge of negative health 
effects. However, a multicohort validation study (including 
a subset of our cohort) comparing SHS exposure self- reports 
and measured air nicotine concentrations showed that self- 
reported SHS exposure provided valid estimates of reported 
residential exposure.46 Visible mould reports have also been 
shown to be highly correlated with airborne concentra-
tions of fungal spores47 suggesting self- reported dampness 
or mould is a good exposure indicator. We performed anal-
yses with raw spirometric data adjusting for age, sex, height 
and ethnicity. Alternatively, z- scores such as those provided 
by the Global Lung Initiative, taking into account age, sex, 
height and ethnicity, might have been used. Z- Scores might 
be better in adjusting for age, sex, height and ethnicity,48 
but their interpretation is less straightforward. We adjusted 
all models for co- exposures in early life only and did not 
take into account co- exposures at different time points as 
confounders which may result in residual confounding. We 
used questionnaire responses to assess probability of expo-
sure over time as actual levels of exposure were unknown. 
It has been shown that parental self- reported exposure is 
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highly correlated with measured nicotine levels46; therefore, 
the effect of lack of levels of exposure data on our findings 
is likely small.

The 16- year lung function measurements were performed 
using two different spirometers in two different centres for 
logistical reasons. We performed a comparison study in healthy 
volunteers using the two spirometers to establish a calibration 
equation which we used to correct for systematic differences.49 
We observed very high correlation between measurements from 
the two spirometers (0.98–0.99); moreover, we do not expect 
exposure patterns to be different for measurements performed 
by either of the spirometers so that effect of using different 
spirometers is likely very small. There were more children with 
highly educated parents, less children whose parents owned pets, 
less children who were exposed to SHS and more children who 
were breast fed for more than 12 weeks in the study population 
than in the baseline population due to loss to follow- up. Highly 
educated parents may be less likely to keep pets and less likely to 
smoke affecting generalisability of our findings. However, we do 
not expect the associations between predictors of the exposures 
of interest with lung function to be different from the entire 
PIAMA cohort. Generalisation beyond the Dutch population 
may, however, be limited in settings with different pet- keeping 
habits.

In conclusion, our study suggests that for lung function 
(growth), all time windows of exposure until age 12 may be 
relevant time windows for SHS exposure and pet exposure. 
Continued SHS exposure during childhood until age 12 could 
lead to reduced lung function growth and lower attained lung 
function, but pet exposure in late childhood may not adversely 
affect lung function. However, early life pet and dampness or 
mould exposure could lead to FVC growth deficits in adoles-
cence. While observed effect sizes were small, these may cumula-
tively add up over time and translate into important clinical lung 
function deficits/increments at the population level.

This study advances our understanding of the relevance of the 
timing of exposure and could provide guidance on the timing 
and structure of interventions to improve respiratory health.
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