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L E T T E R  T O  T H E  E D I T O R

Nonlinear effects of environment on childhood asthma 
susceptibility

To the Editor,
Environmental exposures such as air pollution, farm animals, and 
tobacco smoke have been established as risk factors for childhood 
asthma.1 Single nucleotide polymorphisms (SNPs) associated with 
childhood asthma have also been identified in both candidate gene 

and genome- wide association studies.2,3 However, the majority of 
studies consider genetic and environmental factors independently and 
assume the degree of risk conferred is uniform across all individuals.

As	 the	 impact	 of	 environmental	 risk	 factors	 may	 be	 influ-
enced by an individual's genetic predisposition to the disease, a 
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TA B L E  1 Association	between	parental	smoking	exposure	in	the	first	year	of	a	child's	life	and	the	development	of	childhood	asthma

Risk of childhood asthma

Unadjusted 
modela

Unadjusted 
for interaction 
effectb

Adjusted for 
interaction effectc Low PRS tertileb

Middle PRS 
tertileb

High PRS 
tertileb

IOWBC N 835 797 797 266 265 266

OR	(95%	CI) 1.37 (0.93, 2.01) 1.39 (0.94, 2.07) Parental smoking: 
1.27	(0.84,	1.91)

0.92 (0.40, 2.14) 1.18	(0.57,	2.44) 1.76	(0.98,	3.17)

Interaction: 1.43 (0.77, 
2.65)

p- Value .119 .10 Parental smoking: 
.260

.85 .66 .06

Interaction: .26

MAAS N 765 765 765 255 255 255

OR	(95%	CI) 0.95 0.94 Parental smoking: 
2.01 (1.07– 3.79)

1.64 (0.64, 4.21) 1.53	(0.71,	3.31) 0.38	(0.15,	0.97)

(0.59,	1.51) (0.58,	1.51) Interaction: 0.30 
(0.15,	0.62)

p- Value .82 .79 Parental smoking: .03 .30 .27 .04

Interaction: .001

ALSPAC N 3,334 2,802 2,802 935 938 939

OR	(95%	CI) 1.15 1.27	(1.01,	1.59) Parental smoking: 
1.26	(0.98,	1.61)

1.15	(0.72,	1.83) 1.27	(0.85,	1.88) 1.36 (0.96, 1.93)

(0.95,	1.40) Interaction: 0.91 
(0.64, 1.29)

p- Value .16 .04 Parental smoking: .07 .56 .24 .09

Interaction:	.58

Note: A	p-	value	threshold	of	.05	was	used	to	evaluate	whether	there	was	weak	or	strong	evidence	for	an	association,	values	<	0.05	are	in	bold.	
Individuals	were	assigned	into	low,	middle,	and	high	PRS	tertiles	based	on	the	distribution	of	the	PRS	in	each	cohort—	IOWBC:	low:	(−2.17,	−0.35),	
middle:	(−0.36,	0.27),	high:	(0.28,	2.03);	MAAS:	low:	(−1.83,	0.19),	middle:	(0.20,	0.79),	high:	(0.80,	3.12);	ALSPAC:	low:	(−2.98,	−0.70);	middle:	(−0.71,	
−0.13);	high:	(−0.14,	1.86).	Covariates	are	gender,	maternal	asthma,	paternal	asthma,	and	sibling	asthma.
Abbreviation:	OR,	odds	ratio.
aModel	unadjusted	for	covariates	or	PRS-	by-	parental	smoking	interaction:	asthma	~ parental smoking.
bModel	unadjusted	for	a	PRS-	by-	parental	smoking	interaction:	asthma	~ parental smoking +covariates.
cModel	adjusted	for	covariates	and	a	PRS-	by-	parental	smoking	interaction:	asthma	~ parental smoking +PRS (continuous variable) + PRS- by- parental 
smoking interaction +covariates.
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number of studies have investigated the presence of possible gene– 
environment interactions.4,5 However, the majority of these studies 
have	 focused	on	specific	candidate	genes.	Although	genome-	wide	
interaction studies have been performed, these are also SNP- wise 
analyses where each genotyped SNP is independently assessed 
against the environmental exposure and an SNP- by- exposure inter-
action term.6

Genetic variants identified in genome- wide association stud-
ies are often common variants that only confer small effects.6	As	
such, the power to detect interactions between exposures and indi-
vidual SNPs is limited. Polygenic risk scores (PRSs) have been used 
as a means of combining the small effects of multiple SNPs across 
the genome in order to derive a better estimate of an individual's 
overall genetic risk.6 It is possible that PRSs may offer increased 
power	 to	 identify	 interaction	effects.	For	example,	Aschard	et	al.7 
demonstrated that whilst no interactions for pulmonary function 
were identified among 26 independent SNP- by- smoking interaction 
analyses, combining the 26 SNPs into a PRS and conducting a PRS- 
by- smoking interaction analysis were able to uncover an interaction 
effect. Yet, interactions between environmental exposures and an 
individual's complete genetic profile have seldom been explored,8,9 
with no such studies currently related to childhood asthma.

Arshad	et	 al.10 previously identified a number of early life risk 
factors, such as parental smoking in the first year of a child's life, to 
be associated with childhood asthma development at age 10 in the 
Isle	of	Wight	Birth	Cohort	 (IOWBC).	 In	 this	 study,	using	 the	envi-
ronmental exposure of parental smoking in the first year of a child's 
life as an exemplar, a PRS- by- parental smoking interaction meta- 
analysis was performed to: (i) evaluate the presence of an interaction 
between parental smoking and polygenic risk on the development 
of childhood asthma and (ii) assess whether the risk of parental 
smoking on the development of childhood asthma is in fact uniform 
among individuals of different genetic risk.

Data from three UK birth cohorts were used in this study: the 
IOWBC,	 Manchester	 Asthma	 and	 Allergy	 Study	 (MAAS),	 and	 The	
Avon	 Longitudinal	 Study	 of	 Parents	 and	 Children	 (ALSPAC)	 (see	
Supplementary	 Methods	 for	 cohort	 details,	 Table	 S1).	 Childhood	
asthma, defined as a combination of a doctor's diagnosis ever and 
the presence of wheeze or the use of asthma medication in the last 
12	months,	was	evaluated	at	age	10	 in	 the	 IOWBC	(n =	1368	 (201	
cases))	 and	 at	 age	 11	 in	MAAS	 (n =	 898	 (116	 cases))	 and	ALSPAC	
(n =	4704	(728	cases)).	Based	on	a	previously	published	list	of	indepen-
dent	asthma	SNPs	summarized	across	existing	GWASs	published	until	
2019,	 weighted	 105-	SNP	 PRSs	were	 calculated	 for	 each	 individual	
with genotype data in each cohort using PRSice (see Supplementary 
Methods).	Logistic	 regression	analysis	was	used	to	assess	 the	asso-
ciation of parental smoking and childhood asthma in each cohort (in 
the	first	year	of	life	in	the	IOWBC	and	ALSPAC	and	at	the	antenatal	
follow-	up	in	MAAS).	The	analysis	was	then	repeated	with	the	addition	
of an interaction term between the parental smoking and the PRS as 
a continuous variable. Next, individuals in each cohort were strati-
fied into tertiles based on the cohort PRS to group individuals with 
a low, middle, or high genetic predisposition for childhood asthma. 

The initial logistic regression analysis (without the interaction term) 
was	then	repeated	in	each	genetic	(PRS)	subgroup.	All	analyses	in	the	
IOWBC	(and	where	data	were	available	in	MAAS	and	ALSPAC	at	their	
respective time points, Table S1) were adjusted for gender, maternal 
asthma,	paternal	asthma,	and	sibling	asthma.	As	the	familial	history	
of asthma may also account for some of the genetic effects being in-
vestigated, all analyses were also performed adjusting for gender only 
(see	Supplementary	Material).	Finally,	the	stratified	logistic	regression	
analysis was meta- analyzed across all three cohorts using both fixed-  
and random- effect models using the R package “meta.”

In	 the	 IOWBC,	MAAS,	and	ALSPAC,	data	 for	asthma,	parental	
smoking	 in	 the	 first	 years	of	 life,	 and	PRS	were	 available	 for	835,	
765,	and	3,334	individuals,	respectively	(Table 1	and	S2).	In	ALSPAC,	
there	were	 some	evidence	 for	a	27%	 increased	 risk	of	developing	
childhood asthma when parents smoked in the first year of life, OR 
(95%	CI):	1.27	(1.01,	1.59)	but	not	in	the	IOWBC	or	MAAS	(p = .10 
and p = .79, respectively) (Table 1).

The interaction analysis showed no evidence for an interaction 
effect between the PRS and parental smoking in the development of 
childhood asthma; however, the stratified analysis did reveal a trend 
effect.	In	the	IOWBC	and	ALSPAC,	parental	smoking	was	shown	to	con-
fer a larger effect (with a higher degree of statistical evidence) among 
individuals with higher PRSs (Table 1, Figure 1). Strong evidence for this 
trend effect was demonstrated in the fixed- effect meta- analysis model 
(p = .02) (Figure 2). Similar meta- analysis results are presented when 
adjusting only for gender as a covariate (Table S3, Figure S1).

Particularly as childhood asthma is a highly heterogeneous dis-
ease, this study illustrates the importance of not evaluating environ-
mental risk factors in isolation, as these too may be heterogeneous 
themselves. For example, this study demonstrates the risk conferred 
by parental smoking is not uniform but can vary depending on an 
individual's genetic susceptibility.

F I G U R E  1 Association	between	parental	smoking	in	the	first	
year	of	life	and	childhood	asthma	in	the	IOWBC,	stratified	by	PRS
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However, it is important to acknowledge that this study was 
unable to offer conclusive evidence for a genetics- by- environment 
interaction (or direction of an interaction effect) based on the use- 
case of parental smoking in the first year of life. This may merely be 
a product of the inherent complexity of PRS- environment effects 
being explored or the need to account for additional complex influ-
ences such as collider bias.11

The	 conflicting	 findings	 in	 MAAS	 in	 comparison	 to	 ALSPAC	 and	
IOWBC	 may	 stem	 from	 antenatal	 parental	 smoking	 rather	 than	 pa-
rental	smoking	within	the	first	year	of	the	child's	life	(as	in	the	IOWBC	
and	ALSPAC)	being	evaluated	in	MAAS.	However,	this	may	also	be	ex-
plained	by	 inherent	cohort	differences;	MAAS	conducted	selective	re-
cruitment	from	specific	regions	of	South	Manchester	and	Cheshire	(see	
Supplementary	Methods)	whilst	the	IOWBC	and	ALSPAC	are	unselected	
cohorts	representative	of	the	general	population.	Although	there	was	a	
91%	agreement	between	parental	smoking	status	at	recruitment	and	age	
three	in	MAAS	(time	points	at	which	parental	smoking	data	were	avail-
able) and it is likely that parental smoking status reported at recruitment 

was therefore representative of parental smoking in the first year of a 
child's life, it is highly possible that parental smoking behavior may have 
been different in the year immediately following the child's birth.

Ultimately, further investigation is needed to untangle the as-
sociation of established environmental risk factors for asthma and 
improve the accuracy of their main effects. However, this study 
highlights the importance of future studies considering heritable 
(genetic) risk and any potential interaction effects that may influence 
the magnitude of risk estimates. Such studies would be particularly 
important for the formulation of public health policies and guide-
lines. Similarly, if associations with risk factors are only observed 
among certain subgroups of individuals, developing personalized 
prediction models using only predictors relevant within those spe-
cific patient subgroups could improve upon the limited performance 
of current asthma prediction models.
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F I G U R E  2 Forest	plot	showing	the	association	of	parental	
smoking in the first year of a child's life on the development of 
childhood asthma. The forest plot was constructed using summary 
statistics derived from the logistic regression analysis conducted 
across each PRS tertile in each cohort. The risk (odds ratio (OR) of 
parental smoking on the development of childhood asthma for each 
cohort	(grey	squares)	with	95%	confidence	intervals	(95%	CI,	from	
the solid black horizontal lines) is shown for each cohort, stratified 
by	the	PRS	tertiles.	The	size	of	the	grey	squares	corresponds	to	the	
cohort sample size. Subgroups with an odds ratio to the right (left) 
of the reference line (OR = 1, solid black vertical line) indicate an 
increased (decreased) risk of asthma among children exposed to 
parental	smoking	in	the	first	year	of	life.	Average	effect	sizes	pooled	
across all three cohorts are presented for each PRS tertile and across 
all PRS tertiles, for both the fixed-  and random- effect meta- analyses 
(diamonds). Dashed and dotted black vertical lines show the pooled 
effects across all PRS tertiles for the fixed-  and random- effect 
models, respectively. In this analysis, covariates adjusted for included 
gender, maternal asthma, paternal asthma, and sibling asthma
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