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Abstract
Indoor	radon	exposure	is	thought	to	be	associated	with	adverse	health	effect	as	lung	
cancer.	Lung	cancer	incidences	in	China	have	been	the	highest	worldwide	during	the	
past	two	decades.	It	is	important	to	quantitively	address	indoor	radon	exposure	and	
its	health	effect,	especially	in	countries	like	China.	In	this	paper,	we	have	conducted	a	
meta- analysis based on indoor radon and its health effect studies from a systematic 
review	between	2000	and	2020.	A	total	of	8	studies	were	included	for	lung	cancer.	We	
found	that	the	relative	risk	(RR)	was	1.01	(95%	CI:	1.01–	1.02)	per	10	Bq/m3 increase of 
indoor	radon	for	lung	cancer	in	China.	The	subgroup	analysis	found	no	significant	dif-
ference	between	the	conclusions	from	the	studies	from	China	and	other	regions.	The	
health	effect	of	indoor	radon	exposure	is	relatively	consistent	for	the	low-	exposure	
and	high-	exposure	groups	in	the	subgroup	analysis.	With	a	better	understanding	of	
exposure	level	of	indoor	radon,	the	outcomes	and	conclusions	of	this	study	will	pro-
vide	supports	for	next	phase	of	researches	on	estimation	of	environmental	burden	of	
disease	by	indoor	radon	exposures	in	countries	like	China.

K E Y W O R D S
China,	health	effect,	indoor	radon	exposure,	lung	cancer,	relative	risk
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1  |  INTRODUC TION

Radon	exposure	in	residential	buildings	has	been	confirmed	with	the	
increasing	risk	of	lung	cancer.1 Study on the environmental burden of 
disease	has	listed	radon	exposure	as	a	medium	public	health	impact.2 
According	to	the	global	cancer	statistics	2020,	China	contributed	to	
the highest incidences and mortalities of cancers among single coun-
tries.3 The most commonly diagnosed and cause of cancer death 
worldwide has been lung cancer since 2002.4 This also happens in 
China.5	Radon	exposure	and	smoking	have	been	considered	the	top	
two causes of lung cancer.6–	8	 As	 more	 effective	 tobacco-	control	
policy	is	expected	to	execute	in	China,	radiation	exposure	to	envi-
ronmental radon rises to be the potentially most critical cause of the 
incidence of lung cancer.9

According	to	our	systematic	review	of	studies	on	indoor	radon	in	
China	from	2000	to	2020,	the	indoor	radon	concentration	in	China	
during	this	period	ranged	from	2.4	Bq/m3	 to	538 Bq/m3.10 The av-
erage	 indoor	 radon	concentration	 in	 residential	buildings,	 schools,	
and	office	buildings	was	54.6,	56.2,	and	54.9	Bq/m3,	 respectively.	
Compared	with	 indoor	 radon	 in	 the	 1980 s	 and	 1990 s,	 there	 is	 a	
trend	of	increase	in	indoor	radon	exposure	levels.11	However,	stud-
ies	on	the	quantitative	health	burden	of	 indoor	 radon	exposure	 in	
China	during	the	same	period	were	insufficient.

The pooled effect of the previous meta- analysis has found an 
association	 between	 indoor	 radon	 exposure	 and	 lung	 cancer.12–	15 
Countries	 that	have	conducted	wide	surveys	or	measurements	on	
indoor radon and lung cancer as its health effect before 2000.16–	20 
Though clear similarities between our study and the other system-
atic	review	and	meta-	analysis	on	indoor	radon	and	lung	cancer,	there	
are	differences.	In	the	21st	century,	there	are	newly	conducted	stud-
ies	on	the	associations	between	indoor	radon	and	lung	cancer,21–	23 
but	majorities	did	not	report	relative	risk	(RR),	or	the	odd	ratio	with	
the	corresponding	range	of	radon	exposures.	This	kind	of	research	
with	the	burden	of	disease	as	the	next	phase	is	limited.	To	estimate	
the	burden	of	disease	by	indoor	radon	exposure,	the	health	effect	
needs	to	be	quantified	by	RR	first.

The object of this paper is to further find out the health effect of 
indoor	radon	exposure	in	China.	By	combining	the	study	of	indoor	
radon	exposure	levels	in	China,	and	a	meta-	analysis	of	indoor	radon	
health	effects,	the	results	could	provide	valuable	information	for	the	
formulation of indoor radon regulations at national scale. This will 
help to estimate the health and economic burden contributed by in-
door	radon	exposure,	which	contains	one	of	the	highest	populations	
suffering	radon	exposure-	related	cancers.

2  |  METHODOLOGY

2.1  |  Literature search

The	meta-	analysis	 on	 indoor	 radon	 exposure	 and	 its	 health	 effect	
was based on the collected scientific reports of indoor radon meas-
urement and epidemiological investigation from online databases. 
Systematic searches were performed to identify the studies that 

focus	on	associations	between	indoor	radon	exposure	and	its	health	
effect. The comprehensive online electronic databases in either 
English	or	Chinese	included	ScienceDirect,	Web	of	Science,	WanFang,	
and	CNKI.	The	health	effect	of	radon	exposure	articles	was	obtained	
using	 the	keywords,	 “radon,”	 “indoor,”	and	the	name	of	health	end-
point published from 2000 to 2020. The selected studies should be 
able	to	provide	adequate	information	such	as	odds	ratio	(OR)	or	RR	
associated	with	indoor	radon	levels	with	a	95%	confidence	interval.

Since the available published studies specifically focusing on in-
door	radon	exposure	and	its	health	effect	 in	China	were	 limited,	the	
included	works	of	literature	for	meta-	analysis	were	widen	from	China	
and	other	regions.	The	health	effect	data	including	OR	or	RR,	the	upper,	
lower,	and	median	radon	concentrations	in	each	group	were	extracted	
from	the	remaining	references.	Works	of	literature	that	reported	case–	
control	 studies,	 cohort	 studies,	 and	 cross-	sectional	 studies	were	 in-
cluded.	The	Newcastle-	Ottawa	scale	(NOS)	was	applied	to	assess	the	
quality	of	the	included	literatures,	with	scales	of	7–	9,	4–	6,	and	0–	3	as	
high	quality,	moderate	quality,	and	low	quality,	respectively.24

2.2  |  Data processing

Meta- analysis could reflect further information from a series of in-
dividual	cross-	sectional,	case–	control,	and	cohort	studies	by	pooling	
them	together.	Before	the	analysis,	available	data	from	the	works	of	
literature	 during	 the	 searching	 phase	were	 acquired	 accordingly	 in	
the	data	processing	phase.	The	key	parameters	included	but	were	not	
limited	to	OR	or	RR	as	effect	size,	lower	and	upper	confidence	inter-
vals,	groups	by	exposure	levels,	and	available	or	mean	exposure	lev-
els.	Since	all	the	works	of	literature	have	reported	radon	exposure	by	
categorizing	it	into	four	to	seven	groups	of	exposure	ranges,	we	have	
included	the	effect	sizes	for	each	group	in	the	meta-	analysis	process.

The	next	stage	of	this	study	would	be	the	estimation	of	the	envi-
ronmental	burden	of	disease,	which	usually	applies	RR	as	the	key	pa-
rameter.25	If	RR	was	the	reported	result	of	the	health	effects	in	the	
studies,	the	RR	would	be	directly	included	obtained	to	data	process-
ing	phase	for	the	meta-	analysis.	If	the	health	effects	in	the	selected	
studies	were	reported	as	OR,	then	the	OR	would	be	converted	to	RR	
by Equation	(1).26

where p stands for the prevalence rate of a health endpoint. The val-
ues of the prevalence rate for each literature were obtained from the 
global burden of disease database based on the country and year the 
studies have conducted.

The	raw	data	in	the	selected	works	of	literature	were	defined	as	
RR0,	which	was	applied	in	Equation	(2)	to	calculate	RR	(per	10	Bq/m

3)	
using	the	exponential	model.27

(1)RR =
OR

1 − p + p ×OR

(2)RR =

⎧
⎪
⎨
⎪
⎩

RR0

c

10 ,C≤Cmax

RR0

cmax

10 ,C>Cmax
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    |  3 of 13SU et al.

In	Equation	(2),	C	was	defined	as	the	mean	exposure	level	of	the	
groups.	The	mean	or	median	for	each	exposure	group	was	set	as	the	
C in Equation 2	to	calculate	RR.	For	the	literature	that	reported	the	
range	of	the	indoor	radon	exposure	instead	of	the	mean,	the	C was 
calculated by the mean concentration of the lower and upper limits 
for	 each	 range	of	 the	 group.	 For	 the	 included	groups	 those	mean	
exposure	levels	were	not	reported,	the	values	were	set	as	the	mean	
of lower and upper limits of the group.

2.3  |  Statistical analysis

With	the	data	ready	for	the	meta-	analysis	phase	after	data	processing,	
a meta- analysis and subgroup analysis were carried out for the indoor 
radon	exposure	and	its	RR	of	lung	cancer	with	either	fixed-	effect	or	
random-	effect	estimations.	Heterogeneity	was	assessed	by	the	Q test 
and I2.	According	to	the	heterogeneity	index,	the	data	points	of	health	
endpoint	as	 lung	cancer	were	meta-	analyzed	by	 random	model	and	
fixed	model,	respectively.	If	the	p-	value	was	less	than	0.05,	the	result	
is interpreted as considerable differences between the results of the 
pooled	 studies.	 Random-	effect	 estimation	would	 replace	 the	 fixed-	
effect estimations.28	Forest	plots	and	funnel	plots	were	conducted	to	
present	the	effect	size	of	RR	on	each	group.	It	would	also	be	discussed	
combining with the resulting heterogeneity for each group of meta- 
analysis.	 Subgroup	 analysis	 was	 conducted	 on	 the	 radon	 exposure	
levels	and	the	regions.	Then	if	the	between-	study	heterogeneity	ex-
isted or not could be addressed before final meta- analytic conclusions 
based on the result of the Q	test,	I2 and H- value.29,30

Sensitivity analysis was carried out with the leave- one- out 
method.31	Publication	bias	was	investigated	with	methods	based	on	
associating	 effect	 size	 to	 its	 precision	 and	 selection	models.11 The 
statistical	 tests	 to	 look	at	 the	presence	of	small	study	effects	were	
conducted.	 A	 funnel	 plot	 plots	 study-	specific	 effect	 sizes	 against	
measures of study precision such as standard errors.32 This plot 
is	 commonly	used	 to	explore	 small-	study	effects	 in	 the	publication	
bias. Small- study effects could arise when smaller studies tend to re-
port	different	results	such	as	larger	effect-	size	estimates	than	larger	
studies.33	 In	 the	 absence	 of	 small-	study	 effects,	 the	 shape	 of	 the	
plot should resemble a symmetric inverted funnel. The trim- and- fill 
method was applied to estimate the summary effect as if the funnel 
plot was symmetrical considering publication bias as the only reason 
for asymmetry.34	 All	 the	 above	meta-	analyses	 were	 performed	 on	
STATA	(STATA	Corporation).

3  |  RESULT AND DISCUSSION

3.1  |  Overall meta- analysis results

There are eight pieces of literature regarding lung cancer as the 
health endpoint as details shown in Table 1.19–	26 Three of them fo-
cused	on	indoor	radon	exposure	and	lung	cancer	in	China.	The	rest	
five piece of literature reported similar types of research from other 

countries. Seven out of eight papers had reported the odd ratio as 
the	effect	 size,	and	 the	 rest	one	had	 reported	RR.	The	quality	as-
sessment	has	revealed	no	low-	quality	literatures	with	a	mean	scale	
of	7.5	by	NOS.

For	lung	cancer,	Figure 2	shows	that	indoor	radon	exposure	level	
is positively correlated with RR. The overall estimate for RR is 1.011 
with	a	95%	CI	of	1.009	to	1.014.	The	indoor	radon	exposure	 level	
ranges	from	20	to	1187 Bq/m3 in the selected literature. The Q test 
statistic is 33.94 with a p-	value	of	0.81,	from	which	we	can	infer	that	
there is no significant heterogeneity between the individual studies 
included in this group of data sets of the meta- analysis.

The presence of heterogeneity among studies can also be inves-
tigated from the heterogeneity statistics reported by I2 as shown in 
Figure 1.	For	instance,	I2 =	0.00%	indicates	that	about	insignificant	
variability	in	the	effect-	size	estimates.	In	addition,	the	H value shows 
1.00 which is lower than 1.2 and is considered the criteria of low 
heterogeneity between groups. The combined interpretation with 
Q,	I2,	and	H values could provide us confidence that the true effect 
lies close to the estimate of the indoor radon on lung cancer by our 
meta- analysis.

3.2  |  Subgroup analysis for lung cancer

The subgroup analysis of lung cancer included the region and level 
of	the	indoor	radon	exposures.	The	regions	studies	conducted	were	
categorized	into	two	groups	China	and	other	regions.	Another	sub-
group	was	based	on	the	reported	 indoor	radon	exposure	 levels.	A	
comparison	between	the	regulations	worldwide	on	required	upper	
limit	of	indoor	radon	exposures	has	shown	inconsistent	result,	and	
the	upper	limits	have	fell	between	100	and	300 Bq/m3 in most regu-
lations.43	The	criteria	to	separate	two	exposure	groups	were	set	as	
150 Bq/m3	according	to	the	requirement	by	the	most	recent	stand-
ard	from	China.44

As	shown	in	Figure 3,	the	RR	is	positively	correlated	with	radon	
exposure	 levels	 in	 the	 two	 subgroups	 by	 regions,	 within	 China	
(RR	=	1.011,	95%	CI	=	1.005–	1.017)	and	other	regions	(RR	=	1.011,	
95%	CI	=	 1.009–	1.014).	 The	 data	 set	 in	 the	 studies	 conducted	 in	
China	shows	relatively	higher	RR	than	that	from	other	regions	but	is	
not statistically significant with the p-	value	at	0.81.	The	test	for	het-
erogeneity among studies can be interpreted by the reported as I2. 
Two subgroups based on region have shown no significant heteroge-
neity,	with	China	(Q =	6.49,	I2 =	0.00)	and	other	regions	(Q =	27.44,	
I2 =	0.00).	In	addition,	the	H values for the two subgroups were both 
1.00,	 lower	 than	1.2.	The	 results	of	Q,	 I2 combined with H values 
indicate that there is no significant heterogeneity within these two 
subgroups.

As	 shown	 in	 Figure 4,	 the	 RR	 is	 positively	 correlated	 with	
radon	exposure	 levels	 in	 the	two	subgroups,	within	high-	exposure	
level	 (RR	=	1.010,	95%	CI	=	1.008–	1.013)	 and	 low-	exposure	 level	
(RR	 =	 1.015,	 95%	 CI	 =	 1.009–	1.021).	 The	 data	 set	 at	 the	 low-	
exposure	level	of	indoor	radon	shows	relatively	higher	RR	than	that	
from	the	high-	exposure	ones.
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For	the	heterogeneity,	two	subgroups	based	on	indoor	radon	ex-
posure	levels	have	shown	no	significant	heterogeneity	too,	with	high	
exposure	(Q =	12.74,	I2 =	0.00)	and	low	exposure	(Q =	18.95,	I2 =	0.00).	

In	addition,	the	H	values	for	the	two	subgroups	were	both	0.00,	lower	
than 1.2. The results of Q,	 I2 combined with H values indicate that 
there is no significant heterogeneity within the two subgroups too.

TA B L E  1 Literatures	of	indoor	radon	and	lung	cancer	during	2000–	2020.

Location Reference Publication year Group ID Range of radon exposure, Bq/m3 RR (CI 95%)

Thirteen countries Darby et al.39 2005 L1-	G1 25 ~ 49 1.02	(0.99,	1.07)

L1-	G2 50 ~ 99 1.01	(0.99,	1.02)

L1-	G3 100 ~ 199 1.02	(1.01,	1.02)

L1-	G4 200 ~ 399 1.01	(1.00,	1.01)

L1-	G5 400 ~ 799 1.01	(1.00,	1.01)

L1-	G6 ≥800 1.01	(1.00,	1.01)

China Wang et al.40 2002 L2-	G1 100 ~ 149 1.00	(0.97,	1.03)

L2-	G2 150 ~ 199 1.02	(1.00,	1.04)

L2-	G3 200 ~ 249 1.01	(1.00,	1.03)

L2-	G4 250 ~ 299 1.01	(0.99,	1.02)

L2-	G5 ≥300 1.01	(1.00,	1.02)

Germany Kreuzer	et	al.38 2001 L3-	G1 50 ~ 79 1.07	(0.89,	1.26)

L3-	G2 80 ~ 139 1.05	(0.95,	1.16)

L3-	G3 ≥140 1.04	(0.98,	1.11)

U.S. Krewski	et	al.41 2005 L4-	G1 25 ~ 49 1.05	(0.98,	1.13)

L4-	G2 50 ~ 74 1.02	(0.98,	1.06)

L4-	G3 75 ~ 99 1.02	(0.99,	1.05)

L4-	G4 100 ~ 149 1.02	(1.00,	1.04)

L4-	G5 150 ~ 199 1.01	(0.99,	1.03)

L4-	G6 ≥200 1.01	(1.00,	1.03)

China Wang et al.35 2008 L5-	G1 20 ~ 40 1.07	(0.69,	1.67)

L5-	G2 40 ~ 60 1.25	(1.01,	1.56)

L5-	G3 ≥60 1.02	(0.85,	1.24)

China Lubin	et	al.42 2004 L6-	G1 100 ~ 149 1.03	(0.97,	1.10)

L6-	G2 150 ~ 199 1.01	(0.95,	1.08)

L6-	G3 200 ~ 249 0.98	(0.93,	1.04)

L6-	G4 250 ~ 299 1.00	(0.93,	1.08)

L6-	G5 ≥300 1.00	(0.97,	1.04)

Spain Lorenzo-	Gonzalez	
et al.37

2019 L7-	G1 101 ~ 147 1.02	(0.97,	1.07)

L7-	G2 148 ~ 199 1.02	(0.99,	1.05)

L7-	G3 ≥200 1.02	(1.01,	1.03)

Germany	region	1 Wichmann et al.36 2002 L8-	R1-	G1 50 ~ 80 0.99	(0.95,	1.05)

L8-	R1-	G2 80 ~ 140 1.01	(0.97,	1.05)

L8-	R1-	G3 >140 1.00	(0.97,	1.03)

Germany	region	2 L8-	R2-	G1 50 ~ 80 1.12	(1.02,	1.23)

L8-	R2-	G2 80 ~ 140 1.08	(1.02,	1.14)

L8-	R2-	G3 >140 1.04	(1.00,	1.09)

Germany	region	3 L8-	R3-	G1 50 ~ 80 0.99	(0.94,	1.05)

L8-	R3-	G2 80 ~ 140 1.01	(0.98,	1.04)

L8-	R3-	G3 >140 1.02	(1.00,	1.04)

Germany	region	4 L8-	R4-	G1 50 ~ 80 1.02	(0.94,	1.10)

L8-	R4-	G2 80 ~ 140 1.01	(0.96,	1.05)

L8-	R4-	G3 >140 1.03	(1.00,	1.06)
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    |  5 of 13SU et al.

3.3  |  Sensitivity and publication bias

For	 the	 two	 significant	 associations	 and	 each	 two	 of	 their	 sub-
groups,	the	leave-	one-	out	meta-	analysis	indicated	that	the	signifi-
cance is not influenced as shown in Figure 5.	For	lung	cancer,	the	
funnel	plot	for	effect	size	between	the	indoor	radon	exposure	and	
lung cancer is shown in Figure 6 With the trim- and- fill method 
to	draw	the	new	funnel	plot,	 there	was	no	significant	difference	
between before and after the trim and filled data. The trim- and- fill 
method performs the funnel plot as shown in Figure 7 presents no 
significant evidence for the publication bias. These results suggest 
the	robustness	of	this	meta-	analysis	between	indoor	radon	expo-
sure and its health effect.

4  |  DISCUSSION

We have conducted a meta- analysis on indoor radon and its health 
effect	in	China	during	the	last	two	decades.	A	total	of	eight	works	
of	literature	were	included	based	on	the	systematic	review.	Overall,	
based	on	the	meta-	analysis,	the	pooled	effects	indicate	that	expo-
sure to indoor radon is positively associated with lung cancer. Most 
of the groups of data in the meta- analysis suggested the associa-
tion	of	 indoor	radon	exposure	with	lung	cancer	as	the	health	end-
point.	Our	meta-	analysis	showed	that	a	10	Bq/m3 increase in indoor 
radon	exposure	was	associated	with	significant	RR.	A	forest	plot	of	
indoor radon also supported the outcome of the meta- analysis with 
insignificant overall heterogeneity. Subgroup analysis on regions of 
studies	and	indoor	radon	exposure	level	showed	insignificant	heter-
ogeneity	in	both	criteria.	Usually,	the	exposure-	response	estimates	
could be significant which suggests difficulty in interpretation of re-
sults.	Reasons	may	arise	with	data	from	multiple	countries,	differed	
populations,	and	lack	of	important	adjustment	factors.	The	insignifi-
cant publication bias of the meta- analysis also indicates the robust-
ness of our meta- analysis.

The above searching criteria have potentially resulted from the 
limited	 literature	 included	directly	 from	China.	The	reported	stud-
ies on the association between lung cancer and indoor radon were 

mainly	case–	control	studies.45–	48	Lung	cancer	in	China	was	investi-
gated	with	indoor	air	pollution	other	than	radon,	including	coal	con-
sumption	and	 cooking	oil.49	 The	 reported	effect	 size	was	 the	odd	
ratio,	which	indicated	associations	too.

With	 both	 data	 from	 China	 and	 other	 regions,	 its	 subgroup	
analysis	shows	 insignificant	heterogeneity.	 It	 indicates	 that	con-
clusions on the association between indoor radon and lung cancer 
from	China	and	other	regions	worldwide	were	consistent	with	each	
other. This may indicate that the current conclusions from stud-
ies	worldwide	could	be	extended	to	those	countries	with	limited	
available	data.	Subgroup	analysis	by	indoor	radon	exposure	level	
shows	 insignificant	heterogeneity.	Exposure	 levels	did	not	show	
a	 significant	 impact	on	 the	effect	 size	of	 the	 lung	 cancer	 in	our	
meta- analysis. This may agree with some literature that showed 
insignificant	 sensitivity	 to	 the	 risk	 of	 higher	 radon	 exposure	 in-
doors,12,13	but	this	also	indicates	that	low	indoor	radon	exposure	
could	be	associated	with	adverse	health	effects	 like	 lung	cancer	
as	risky	as	occupational	exposure	with	high	radon	levels	such	as	
underground miners. The heterogeneity in our meta- analysis on 
lung	 cancer	 and	 indoor	 radon	 exposure	 was	 both	 insignificant.	
This	may	result	from	the	relatively	adequate	amount	of	the	orig-
inal	 exposure-	response	 data	 in	 the	 published	 reports	 applied	 in	
the	meta-	analysis.	Also,	the	heterogeneity	on	both	sides	of	expo-
sure and RRs in the buildings especially residential buildings were 
relatively lower than those direct from miner- based models. There 
were	a	series	of	indoor	radon	exposure	studies	across	the	coun-
try	in	China,	and	the	indoor	radon	levels	were	reportedly	increas-
ing	 since	 the	 1980 s.10 But there were still insufficient research 
outcomes	on	 the	health	effect	 like	 lung	cancer	by	 indoor	 radon	
exposures.50,51

When	quantifying	 the	health	effect	of	 indoor	 radon	exposure	
to	 estimate	 its	 environmental	 burden	 of	 disease,	 there	 are	 other	
typical indoor contaminants considered lung cancer as the health 
endpoint.	Domestic	 coals	use,	 cooking	oil,	 and	environmental	 to-
bacco	smoke	(ETS)	were	investigated,49 but most were reported as 
odd ratios instead of RR for a direct comparison of the significance 
of	risk	by	indoor	contaminants	in	China.	A	range	of	studies	from	re-
gions	other	than	China	had	reported	RR	as	the	effect	size	which	was	

F I G U R E  1 Procedure	for	the	literature	
search in the systematic review.
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6 of 13  |     SU et al.

F I G U R E  2 Results	of	the	meta-	analysis	for	the	relative	risk	as	the	effect	size	of	indoor	radon	exposure	for	lung	cancer.
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F I G U R E  3 Results	of	the	subgroup	analysis	for	China	and	other	regions.
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F I G U R E  4 Results	of	the	subgroup	analysis	for	the	low	and	high	indoor	radon	exposure	levels.
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F I G U R E  5 Results	of	the	leave	one	out	
meta- analysis.
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close	to	that	of	indoor	radon	exposure	at	1.01,	including	particulate	
matter	 (PM	2.5)52	and	SO2.

53,54 There are also conclusions with a 
higher reported RR for lung cancer by the air contaminants includ-
ing	PM2.5,55,56	NOx,54 and sulfate.52 Majorities of these researches 
focused on general air pollution so the comparison between these 
conclusions	requires	cautiously	work	in	the	further.	The	health	ef-
fect in our meta- analysis was set as lung cancer according to the 
World	Health	Organization	 (WHO)	criteria.	Cancers	 like	 leukemia	
have	 been	 studied	 too,	 which	 was	 not	 listed	 by	WHO	 as	 health	
endpoint. There are studies on the association between indoor 
radon	exposure	and	 leukemia,	especially	childhood	 leukemia.57–	60 
Combining	leukemia	with	lung	cancer,	the	overall	health	effect	by	
indoor	 radon	exposure	 could	potentially	 show	 increase	 than	 lung	
cancer alone.

There	 are	 some	 limitations	 to	 this	 study.	One	 limitation	 in	 the	
design	 of	 our	 2000–	2020	China-	focused	meta-	analysis	 is	 that	we	
have	extended	the	included	literature	on	both	regions	and	publica-
tion years. There have been limited available studies on both sys-
tematically	 designed	 measurement	 and	 risk	 estimation	 on	 indoor	
radon	 during	 the	 past	 decade	 from	 China.	 Limited	 studies	 have	
directly	 provided	 RR	 as	 the	 effect	 size	 the	 lung	 cancer	 by	 indoor	
radon	exposures.	Meanwhile,	there	are	well-	designed	radon	studies	
with	 large-	scale	 exposure	 data,61–	65	 new	predicting	model,66 geo-
metric	tools,	and	survey	protocol	development	in	other	regions.67,68 
Current	 results	 from	 the	 reviewed	 literature	 were	 mainly	 focus-
ing on populations from urban areas especially those from regions 
other	than	China.	Although	urbanization	in	China	has	been	rapidly	
increasing	during	the	past	decades,	there	is	still	a	significant	amount	

F I G U R E  6 Funnel	plot	for	lung	cancer	
relative	risk.

F I G U R E  7 Funnel	plot	after	trim-	and-	
fill	method	for	lung	cancer	relative	risk.
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of	population	in	rural	areas.	Studies	are	needed	to	make	these	pop-
ulations relevant for a more accurate estimation of the health ef-
fect	and	burden	of	disease	not	only	by	radon	exposure	but	also	by	
a	greater	range	of	indoor	contaminants.	One	more	limitation	is	that	
the	 smoking	 factor	was	not	 able	 to	 consider	 in	our	meta-	analysis.	
Among	the	eight	literatures	in	the	meta-	analysis,	five	of	them	have	
reported	 the	 smoking	 status	 of	 the	 studied	 population,	 and	 two	
were	focusing	on	non-	smoking	population.	This	distribution	of	the	
smoking	status	on	the	studies	population	also	overlapped	with	the	
criteria	for	the	subgroup	analysis	as	the	regions	and	exposure	 lev-
els.	Also,	the	number	of	smoking	people	varies	between	the	coun-
tries,	taking	China	as	example	which	has	maintained	a	steady	ratio	
of	smoking	people	due	to	the	poor	effectiveness	of	tobacco	control	
on the overall population.69,70	In	addition,	second-	hand	smoking	ex-
posure	for	non-	smokers	could	be	65%	in	China	which	is	significantly	
higher than other regions included in our meta- analysis.71	However,	
the	combined	health	effect	of	cigarette	smoking	and	indoor	radon	
exposures	 have	 been	 investigated	 in	 other	 regions.72,73	 Further	
similar studies could be critical for developing countries with a high 
smoking	population	like	China.

5  |  CONCLUSION

To	quantify	 the	health	effect	of	 indoor	radon	exposure,	our	study	
has conducted a meta- analysis based on the systematically reviewed 
literature on indoor radon and its health endpoints of lung cancer. 
We	found	that	the	RR	was	1.01	(95%	CI:	1.01–	1.02)	per	10	Bq/m3 
increase	of	indoor	radon	for	lung	cancer	in	China.	Subgroup	analyses	
on	the	RR	as	effect	size	have	found	no	significant	difference	both	
between	China	and	other	regions,	and	the	 low-	exposure	 level	and	
high-	exposure	 levels.	 Results	 of	 our	 meta-	analysis	 could	 provide	
necessary input to further estimate the environmental burden of 
disease	of	indoor	radon	exposure	in	countries	like	China.
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