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Abstract
Background:We	previously	reported	an	association	of	high	fat	mass	levels	from	age	9	
to	15 years	with	lower	forced	expiratory	flow	in	1 s	(FEV1)/forced vital capacity (FVC) 
ratio	 (i.e.,	 increased	risk	of	airflow	 limitation)	at	15 years.	Here,	we	aimed	to	assess	
whether	insulin	resistance	and	C-	reactive	protein	(CRP)	at	15 years	partially	mediate	
this association.
Methods:We	included	2263	children	from	the	UK	Avon	Longitudinal	Study	of	Parents	
and	Children	population-	based	cohort	(ALSPAC).	Four	fat	mass	index	(FMI)	trajecto-
ries	(“low,”	“medium-	low,”	“medium-	high,”	“high”)	from	9	to	15 years	were	previously	
identified using Group- Based Trajectory Modeling. Data on CRP, glucose, insulin, 
and post- bronchodilator FEV1/FVC	were	 available	 at	 15 years.	We	 defined	 insulin	
resistance by the homeostasis model assessment- estimated insulin resistance index 
(HOMA-	IR).	We	used	adjusted	linear	regression	models	and	a	causal	mediation	analy-
sis	to	assess	the	mediating	role	of	HOMA-	IR	and	CRP.
Results:Compared to children in the “low” FMI trajectory, children in the “medium- 
high” and “high” FMI trajectories had lower FEV1/FVC	at	15 years.	The	percentage	of	
the	total	effect	explained	by	HOMA-	IR	was	19.8%	[−114.1	to	170.0]	and	20.4%	[1.6	
to	69.0]	for	the	“medium-	high”	and	“high”	trajectories,	respectively.	In	contrast,	there	
was little evidence for a mediating role of CRP.
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1  |  BACKGROUND

Childhood obesity is a major public health problem associated with 
adverse health outcomes including increased risk of cardiovascu-
lar and metabolic diseases along the life course.1,2 Obesity during 
childhood and adolescence has also been associated with poor res-
piratory health, specifically asthma,3 but also reduced lung function 
levels.4 The effects of obesity are especially impactful in the long 
run, as the level of lung function achieved by early adulthood is a 
strong determinant of chronic respiratory conditions and other non- 
communicable diseases in later life.5,6

Research on the effects of obesity (as measured by body 
mass index, waist circumference, or fat mass) on lung function 
levels	(forced	expiratory	volume	in	1 s	[FEV1],	forced	vital	capac-
ity	[FVC])	in	children	and	adolescents	is	still	limited	and	to	some	
extent controversial mostly due to the cross- sectional design of 
existing studies and poor obesity measurements. However, an as-
sociation between obesity and the FEV1/FVC ratio, the primary 
index of airflow limitation, has been consistently reported.4,7,8 
Systemic inflammation, induced by fat mass, has been proposed 
as a potential mechanism underlying this association. Several 
studies have reported positive associations between body fat 
mass and levels of C- reactive protein levels (CRP), a commonly 
systemic inflammation marker, in children and adolescents.9,10 
Higher CRP levels have also been associated with impaired lung 
function in adults11,12 and children.13 In addition, in recent years, 
several studies have suggested that obesity may impair lung 
function by means of metabolic derangements.14 There is grow-
ing evidence that insulin resistance, a common consequence of 
childhood obesity,15 is associated with reduced lung function 
levels and asthma- like symptoms in children.16– 18 However, de-
spite this evidence, no previous study has explicitly assessed 
whether childhood obesity leads to a lower FEV1/FVC ratio due 
to increased CRP levels or insulin resistance. Identifying the bio-
logical mechanisms underlying the association between obesity 
and airway limitation in adolescents is relevant to confirming a 
true causal relationship. Ultimately this is important for the de-
velopment of public health strategies aiming to reduce respira-
tory morbidity.

In this study, we aimed to assess whether insulin resistance and 
CRP	levels	at	15 years	partially	mediate	the	association	of	fat	mass	
from	age	9	 to	15 years	and	FEV1/FVC	at	15 years	 (Figure 1), using 

a causal mediation analysis approach in children participating in 
the	UK	Avon	Longitudinal	study	of	Parents	and	Children	(ALSPAC)	
population- based birth cohort.

2  | METHODS

Complete details are provided in the supplement.

2.1  |  Studypopulation

We	 used	 data	 from	 the	 UK	 ALSPAC	 birth	 cohort	 previously	 de-
scribed.19,20	Briefly,	ALSPAC	recruited	14,541	pregnant	women	re-
siding	in	Avon,	UK,	with	expected	dates	of	delivery	between	April	
1,	 1991,	 and	December	31,	1992.	 Since	 age	7,	 surviving	offspring	
have attended regular follow- up visits. The present analysis was re-
stricted to children from singleton births with available information 
for	the	identification	of	fat	mass	index	trajectories	from	9	to	15 years	
and	with	lung	function,	CRP,	and	insulin	resistance	data	at	15 years	
(Figure S1).	Ethical	approval	was	obtained	from	the	ALSPAC	Ethics	
and	 Law	 Committee	 and	 the	 Local	 Research	 Ethics	 Committees.	
Informed consent for the use of data collected via questionnaires 

Conclusion:The association between mid- childhood fat mass and FEV1/FVC ratio at 
15 years	may	be	partially	mediated	by	insulin	resistance.

K E Y WO RD S
airflow	limitation,	ALSPAC,	C-	reactive	protein,	epidemiology,	insulin	resistance,	mediation,	
obesity

KeyMessage

Although	 obesity	 measures	 have	 been	 consistently	 associ-
ated with a lower FEV1/FVC ratio in adolescents, no previous 
study has assessed the underlying mechanisms of this asso-
ciation This population- based study assessed whether insulin 
resistance	 and	 CRP	 levels	 at	 15 years	 partially	mediate	 the	
association between fat mass and FEV1/FVC using a causal 
mediation analysis approach. The findings suggest that insulin 
resistance	at	15 years	may	mediate	over	20%	of	this	associa-
tion, but no evidence of a mediating role of CRP was found. 
Further, longitudinal studies that evaluate other biomarkers 
of systemic inflammation and examine other potential mecha-
nisms are needed to better understand the pathways linking 
obesity and respiratory health in adolescence. This is key for 
public health interventions and targeting clinical interventions.
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and clinics was obtained from participants following the recommen-
dations	of	the	ALSPAC	Ethics	and	Law	Committee	at	the	time.

2.2  |  Fatmassindextrajectories

Body composition and height were measured at clinic visits at ages 
9,	 11,	 13,	 and	 15 years.	 Total	 fat	mass	was	 derived	 using	 a	 Lunar	
Prodigy	DXA	scanner	(GE	Medical	Systems	Lunar)	following	stand-
ardized	 procedures.	We	 calculated	 fat	mass	 index	 (FMI)	 by	 divid-
ing	 total	 body	 fat	mass	 (kg)	 by	 height	 squared	 (m).	We	previously	
identified	four	FMI	trajectories	from	9	to	15 years	(“low,”	“medium-	
low,” “medium- high,” and “high”) using a Group- Based Trajectory 
Modeling approach (Figure S2).4	We	used	the	assigned	trajectory	as	
the exposure variable.

2.3  |  Lungfunction

Lung	 function	 was	 measured	 by	 spirometry	 at	 8	 and	 15 years	
(Vitalograph	 2120;	 Vitalograph)	 according	 to	 American	 Thoracic	
Society standards, as described previously.21	At	15 years,	lung	func-
tion was measured before and after bronchodilation with salbutamol. 
FVC and FEV1 were obtained and FEV1/FVC ratios were calculated 
and	expressed	as	percentages.	We	used	post-	bronchodilation	FEV1/
FVC	at	15 years	as	 the	main	outcome	variable.	We	also	calculated	
FEV1/FVC standard deviation scores (z- scores) using the Global 
Lung	Initiative	equation	references.22

2.4  |  CRPandinsulinresistance

Fasting	 blood	 samples	 were	 obtained	 during	 the	 15 years'	 clinic	
visit. High- sensitivity CRP was measured by automated particle- 
enhanced immunoturbidimetric assay (Roche UK). Insulin was 
measured	 with	 an	 enzyme-	linked	 immunosorbent	 assay	 (ELISA)	
(Mercodia) that does not cross- react with proinsulin. Plasma glu-
cose was measured with an auto- mated assay. Insulin resistance 
was calculated as a continuous measure from insulin and glucose 

by using the homeostasis model assessment- estimated insulin re-
sistance	(HOMA-	IR).	As	CRP	and	HOMA-	IR	data	did	not	follow	a	
normal distribution, we applied the natural log- transformation to 
these	 variables	 and	 used	 log-	transformed	 CRP	 and	HOMA-	IR	 in	
the mediation analysis.

2.5  |  Covariates

We	collected	 information	 at	 different	 time	 points	 on	maternal	 social	
class, maternal smoking, child's sex, birthweight, gestational age, breast-
feeding, total dietary energy intake, environmental tobacco exposure, 
physical activity, asthma ever diagnosed by a doctor and pubertal status.

2.6  |  Statisticalanalysis

To	assess	the	potential	mediating	role	of	HOMA-	IR	and	CRP	on	the	
association of FMI trajectories with FEV1/FVC	at	15 years,	we	used	
a causal inference analysis approach.23	We	hypothesized	that	accu-
mulated	fat	mass	 from	9	to	15 years,	as	measured	by	the	FMI	tra-
jectories,	may	 affect	 insulin	 resistance	 and	CRP	 levels	 at	 15 years	
and that these factors in turn can affect the risk of airflow limitation 
at	the	same	age.	Although	our	data	do	not	fulfill	the	assumption	of	
temporality (by which the mediator should precede the outcome), 
we	assumed	that	both	insulin	resistance	and	CRP	levels	at	15 years	
are good proxies of these same factors in early adolescence and that 
it is unlikely that lung function can affect them.

We	 performed	 the	mediation	 analysis	 following	 several	 steps.	
First,	we	fit	two	mediator	models,	where	HOMA-	IR	and	CRP	levels	
were modeled as a function of FMI trajectories in separate mod-
els, after adjusting for relevant confounders (maternal social class 
and smoking during pregnancy, and child's sex, age, height, and pu-
bertal	status	at	15 years).	Then,	we	built	the	outcome	model,	which	
modeled FEV1/FVC	as	a	function	of	HOMA-	IR	and	CRP,	in	separate	
models, including FMI trajectories and the same covariates used in 
the mediator models plus FEV1/FVC	at	8 years	to	reduce	potential	
reverse	causality.	We	used	linear	regression	models	to	estimate	both	
the mediator and outcome models.

F IGURE 1 How	insulin	resistance	(A)	
and systemic inflammation here measured 
as CRP (B) affect the association between 
fat mass and airflow limitation (i.e., FEV1/
FVC).
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The mediator and outcome models were then incorporated into 
the “mediation” package24 in the statistical program “R,” which esti-
mates the amount of the association between FMI trajectories and 
FEV1/FVC	 that	 can	be	explained	by	changes	 in	HOMA-	IR	or	CRP.	
The “mediation” package provides three effect estimates: the indi-
rect effect (the population average causal mediation effect that is 
occurring	through	the	mediator,	that	is,	through	changing	HOMA-	IR	
or CRP levels), the direct effect (the remaining population average 
effect	 that	 is	not	occurring	 through	changes	 in	HOMA-	IR	or	CRP)	
and the total effect (the sum of the indirect and direct effects). 
Confidence intervals (CI) around these effect estimates are calcu-
lated using a quasi- Bayesian Monte Carlo method based on normal 
approximation.

We	performed	several	sensitivity	analyses:	(i)	excluding	children	
with lifetime doctor- diagnosed asthma; (ii) additionally adjusting 
models	 for	child's	energy	 intake	at	7 years,	environmental	 tobacco	
exposure	 at	 8 years	 and	wear-	time	 spent	 in	moderate	 to	 vigorous	
physical	 activity	 at	 11 years;	 (iii)	 additionally	 adjusting	 models	 for	
fasting time; (iv) using pre- bronchodilator FEV1/FVC ratio as the 
outcome; (v) using FEV1/FVC z- scores as the outcome; (vi) categoriz-
ing CRP in tertiles to test for a potential non- linear relationship with 
FEV1/FVC; (vii) after implementing multiple imputations by chained 
equations	for	missing	values	for	CRP,	HOMA-	IR	and	the	covariates	
(generating	25	complete	datasets),	and	finally,	(viii)	testing	for	poten-
tial exposure- mediator interaction by inserting an interaction term 
between	HOMA-	IR/CRP	(as	continuous	variables)	and	FMI	trajecto-
ries in the outcome model.

3  |  RESULTS

3.1  |  Sampledescription

We	included	2263	children	in	the	present	study.	Mothers	of	these	
children were older at pregnancy, had higher social class (profes-
sional and intermediate), were less likely to smoke during pregnancy 
and more likely to breastfeed than mothers of children not included 
in the analysis (Table S1). In addition, children included had higher 
birth weights and gestational ages and slightly lower FEV1/FVC at 
8 years	 than	 children	 not	 included.	 Table 1 shows the main char-
acteristics	of	the	study	sample.	Approximately	24%	of	children	re-
ported	lifetime	doctor-	diagnosed	asthma	at	15 years	and	19%	were	
classified in the “low” FMI trajectory.

3.2  | MediatingroleofHOMA-IRandCRPinthe
associationbetweenFMItrajectoriesandFEV1/FVC

Fat mass index trajectories were associated with higher CRP and 
HOMA-	IR	levels	at	15 years	(Table	S2). There was little evidence of 
an association between CRP and FEV1/FVC	 (%)	 at	15 years	 (mean	
difference	 [95%	 CI]:	 −0.16	 [−0.46	 to	 0.14]	 per	 one	 unit	 increase	
in	 log-	CRP),	 while	 higher	 HOMA-	IR	 levels	 were	 associated	 with	

lower FEV1/FVC	 (−0.74	 [−1.40	 to	 −0.08],	 per	 one	 unit	 increase	 in	
log-	HOMA-	IR).

Compared to children in the “low” FMI trajectory, children in 
the “medium- high” and “high” FMI trajectories had lower FEV1/
FVC	 (%)	 at	 15 years	 (−0.81	 [−1.74	 to	 0.07]	 and	 −1.85	 [−2.96	 to	
−0.62],	 respectively).	 The	 effect	 mediated	 via	 HOMA-	IR	 in	 this	
association	 was	 −0.17	 [−0.35	 to	 −0.01]	 and	 −0.38	 [−0.72	 to	
−0.04]	for	the	“medium-	high”	and	“high”	trajectories,	respectively	
(Figure 2; Table S3).	These	indirect	effects	corresponded	to	19.8%	
[−114.1	 to	170.0]	and	20.4%	 [1.6	 to	69.0]	of	 the	 total	effect,	 re-
spectively. In contrast, there was little evidence for a mediating 
role of CRP levels in the association between fat mass and FEV1/
FVC (Figure 3; Table S4).

Sensitivity analyses yielded similar findings for a mediating 
role	of	HOMA-	IR	 (Tables	S5–	S8) and a null mediating role of CRP 
(Tables S9– S13). However, the magnitude of the effect mediated via 
HOMA-	IR	was	 reduced	 in	models	 additionally	 adjusted	 for	 child's	
energy intake, environmental tobacco exposure and physical activ-
ity, as well as in models using pre- bronchodilator FEV1/FVC. The in-
teraction	between	FMI	trajectories	and	both	HOMA-	IR	and	CRP	in	
the mediation analysis was not statistically significant.

4  | DISCUSSION

To our knowledge, this population- based study is the first to exam-
ine the potential mediating role of insulin resistance and CRP on the 
association between fat mass and airflow limitation (i.e., reduced 
FEV1/FVC ratio) in adolescence. Our study suggests that insulin re-
sistance	 at	 15 years	may	mediate	 part	 of	 this	 association,	 but	 not	
CRP.

Our finding related to insulin resistance is biologically plausible. 
Obesity is one of the most important risk factors for insulin resis-
tance in childhood.15 Insulin receptors are expressed in the lung and 
there is evidence that insulin can influence lung structure and func-
tion at different stages of life.25 Previous research has suggested 
that insulin has a direct effect on human airways by influencing 
airway smooth muscle and airway epithelial cells.14 Results from a 
3- year randomized control trial on the safety and direct effects of 
inhaled human insulin showed that those receiving the drug were 
more likely to exhibit respiratory symptoms and reduced lung func-
tion.26 In addition, a previous cross- sectional study found that insu-
lin	resistance	(measured	using	the	HOMA-	IR	index)	was	associated	
with lower FVC and FEV1 levels in adolescents with and without 
asthma.18 Similarly, a recent longitudinal study reported that high 
insulin	 levels	at	6	and	10 years	tended	to	be	associated	with	lower	
FVC.13 However, in contrast with our findings, these two previous 
studies did not report an association of insulin resistance or lev-
els with FEV1/FVC. The results of the several sensitivity analyses 
that we performed yielded similar findings for a mediating role of 
HOMA-	IR,	however,	the	effect	mediated	via	HOMA-	IR	was	reduced	
in models additionally adjusted for child's energy intake, environ-
mental tobacco exposure, and physical activity and in models using 
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pre- bronchodilator FEV1/FVC as outcome. This could indicate that 
the	associations	of	fat	mass	and	HOMA-	IR	with	FEV1/FVC could be 
affected by residual confounding due to lifestyle factors. Moreover, 
the reduction of the effect when using pre- bronchodilator measures 
could be attributed to an alteration of the ratio in participants with 
asthma or reversible obstruction of the airways, which is eliminated 
when using post- bronchodilator measures. Further research is 
needed to replicate our findings in other populations.

Despite previous evidence of an association between high CRP 
levels and decreased lung function,11– 13 we found no evidence of a 
mediating role of CRP in the association between mid- childhood fat 
mass and FEV1/FVC	at	15 years	in	this	British	population.	There	are	
some potential explanations for this finding. First, it is possible that 
CRP affects FVC and FEV1 to the same extent, leading to a math-
ematically null effect on the ratio of these two parameters. This is 
consistent with a previous study in children reporting an association 
of high CRP levels with FEV1 and FVC, but not with FEV1/FVC.13 
Second, there may be low variation in CRP levels in our study sam-
ple, so that even children with higher levels do not have levels high 
enough to affect lung function and lead to airflow limitation. This 
is plausible because adolescents have been reported to have lower 
CRP levels than adults27 and most previous research on the associa-
tion of CRP with lung function has been conducted in adults. Finally, 
there is evidence that insulin resistance may precede the elevation 
of CPR levels in the evolution of the metabolic syndrome in adoles-
cents.28 This could explain why we observed a mediating role for 
insulin resistance in the association of fat mass and airflow limitation 
in	15-	year-	olds,	but	not	for	CRP.	Finally,	it	cannot	be	discarded	that	
there may be an unknown factor that could causally relate to both 
CRP and lung function and is responsible for the previously reported 
associations between them.

This work has important implications for future research. Our 
study suggests that the association of high- fat mass with airflow 
limitation	at	15 years	 is	only	partly	mediated	by	 insulin	 resistance	
(just	over	20%	of	the	total	effect).	Therefore,	other	potential	mech-
anisms should be examined, such as the mechanical effects of fat 
mass on lungs.29 In addition, since the adipose tissue is involved in 
the secretion of several proinflammatory markers other than CRP,30 
future research should consider other biomarkers of systemic in-
flammation	 such	 as	 interleukin-	6	 (IL-	6)	 or	 tumor	 necrosis	 factor	
alpha	(TNF-	α), which have been linked to lower lung function.31,32 
Understanding how fat mass affects lung function in adolescence 
may help the identification of intermediate treatment targets for 
clinical interventions aiming to reduce respiratory morbidity. 
Accordingly,	our	study	suggests	that	clinical	interventions	targeting	
insulin resistance in adolescents may reduce part of the deleterious 
effects of obesity on respiratory health, especially the effects on 
airflow limitation.

Important strengths of this study are the population- based na-
ture	of	the	ALSPAC	birth	cohort	and	the	availability	of	metabolic	
and inflammatory biomarkers, which allowed us to examine two 
potential mechanisms for the association between fat mass and 
FEV1/FVC.

TABLE 1 Characteristics	of	the	study	sample	(n = 2263)a

n(%),mean(SD)or
median(P25;P75)

Maternal characteristics

Age	at	delivery	(years) 29.2	(4.5)

Social class

Professional and intermediate 815	(45.6)

Skilled nonmanual 672	(37.6)

Skilled manual, partly skilled and unskilled 299	(16.7)

Smoking during pregnancy: yes 343 (16.6)

Child characteristics

Sex: girl 1144	(50.6)

Birth weight (g) 3466	(515)

Gestation (weeks) 39.6	(1.7)

Pre- term delivery (<37 weeks	gestation) 80	(3.7)

Breastfeeding for 3 months or more 1310 (64.1)

Total	energy	intake	(kcal)	at	7 years 1733	(306)

Environmental	tobacco	exposure	at	8 years 408 (20.6)

Wear-	time	in	MVPA	(min)	at	11 years 19.5	(11.7–	30.7)

Lifetime	doctor-	diagnosed	asthma	at	15 years:	yes 534	(23.6)

Age	at	the	15 years	visit	(years) 15.4	(0.3)

Height	the	15 years	visit	(m) 1.7	(0.1)

Pubertal	status	15 years:	Tanner	stage	for	pubic	hair

Stage 1– 3 105	(5.2)

Stage 4 918	(45.4)

Stage	5 1001 (49.4)

FMI	trajectories	from	9	to	15 years

Low	(Reference) 422	(18.7)

Medium- low 835	(36.9)

Medium- high 686 (30.3)

High 320 (14.1)

CRP	(mg/L)	15 years 0.4 (0.2– 0.9)

Log	CRP	15 years −0.7	(1.1)

HOMA-	IR	15 years 2.1	(1.5–	2.8)

Log	HOMA-	IR	15 years 0.7	(0.5)

Lung	function	measures

8 years	(pre-	bronchodilation)

FVC	(L) 1.9 (0.3)

FEV1	(L) 1.7	(0.3)

FEV1/FVC	(%) 88.1	(6.5)

15 years	(post-	bronchodilation)

FVC	(L) 3.8 (0.9)

FEV1	(L) 3.5	(0.8)

FEV1/FVC	(%) 92.1	(6.5)

Abbreviations:	CRP,	C-	reactive	protein;	FEV1, forced expiratory volume 
in	1 s;	FMI,	fat	mass	index;	FVC,	forced	vital	capacity;	HOMA-	IR,	
homeostasis	model	assessment-	estimated	insulin	resistance;	MVPA,	
moderate to vigorous physical activity; P25- P75,	25th	and	75th	
percentiles; SD, standard deviation.
aSome variables had missing values: Maternal characteristics: 93 in 
age	at	delivery,	477	in	maternal	social	class,	191	in	smoking	during	
pregnancy; Child characteristics: 93 in gestational age, 121 in 
birthweight,	221	in	breastfeeding,	348	in	total	energy	intake	at	7 years,	
280	in	environmental	tobacco	exposure	at	8 years,	376	in	wear-	time	in	
MVPA	at	11 years,	20	in	height	at	15 years,	239	in	pubertal	status,	307	in	
FVC	at	8 years,	328	in	FEV1	at	8 years	and	328	in	FEV1/FVC	at	8 years.
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A	limitation	is	that	the	associations	of	CRP	and	insulin	resistance	
with FEV1/FVC were assessed cross- sectionally and therefore are 
subject to potential reverse causation. However, it is unlikely that 
lung	function	levels	affect	CRP	levels	or	insulin	resistance.	Another	
limitation is potential selection bias as children included had a 
higher socioeconomic status, a higher birth weight, a higher gesta-
tional age, a higher proportion of breastfeeding and lower maternal 
smoking exposure than those excluded, which could underestimate 
the true associations in the general population. In addition, the re-
gional	basis	of	the	ALSPAC	cohort	may	prevents	the	generalization	
of our results to populations with more ethnic variability and with 
different environmental and lifestyle factors. Finally, although we 
accounted for a wide range of potential confounders, we cannot 
exclude residual confounding by unmeasured confounders (e.g., ge-
netic factors).

In conclusion, in this population- based study, we found that 
insulin resistance may partially mediate the association between 

mid- childhood fat mass and the FEV1/FVC ratio in adolescence, but 
we found little evidence of a mediating role of CRP. Further, longitu-
dinal studies that evaluate other biomarkers of systemic inflamma-
tion and examine other potential mechanisms are needed to better 
understand the pathways linking obesity and respiratory health in 
adolescence.
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