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ABSTRACT: Increased wheeze and asthma diagnosis in obesity may be due to reduced lung

volume with subsequent airway narrowing.

Asthma (wheeze and airway hyperresponsiveness), functional residual capacity (FRC) and

airway conductance (Gaw) were measured in 276 randomly selected subjects aged 28–30 yrs.

Data were initially adjusted for smoking and asthma before examining relationships between

weight and FRC (after adjustment for height), and between body mass index (BMI5

weight?height-2) and Gaw (after adjustment for FRC) by multiple linear regression, separately

for females and males.

For males and females, BMI (¡95% confidence interval) was 27.0¡4.6 kg?m-2 and

25.6¡6.0 kg?m-2 respectively, Gaw was 0.64¡0.04 L?s-1?cmH2O-1 and 0.57¡0.03 L?s-1?cmH2O-1,

and FRC was 85.3¡3.4 and 84.0¡2.9% of predicted. Weight correlated independently with FRC in

males and females. BMI correlated independently and inversely with Gaw in males, but only

weakly in females.

In conclusion, obesity is associated with reduced lung volume, which is linked with airway

narrowing. However, in males, airway narrowing is greater than that due to reduced lung volume

alone. The mechanisms causing airway narrowing and sex differences in obesity are unknown.

KEYWORDS: Airway conductance, airway hyperresponsiveness, asthma, lung volume measure-

ments, obesity

O
besity is an increasing problem in
Western societies, with substantial
effects on health outcomes. There is

increasing evidence that the prevalence of both
wheezing and doctor-diagnosed asthma is sig-
nificantly increased in obese people [1–7]. Results
of the current authors studies in large, randomly
selected population samples of Australian adults
have shown that obesity, defined as body mass
index (BMI) .30 kg?m-2, is associated with a two
to three-fold increase in the risk of wheezing,
with diagnosed asthma and the use of asthma
medication [8]. Results of some recent studies
also show that obesity is associated with an
increased risk of airway hyperresponsiveness
(AHR) [3, 5].

The association of obesity with both wheezing
and AHR implies that it affects airway calibre.
The link between obesity and the decreased lung
volume at which breathing occurs (functional
residual capacity (FRC)) is well documented [9–
12], and is probably due to the pressure of
abdominal contents on the diaphragm. There is a
linear relationship between lung volume and
airway calibre (airway conductance (Gaw)) [13],
so any reduction in lung volume is likely to cause
a reduction in airway calibre. Indeed, results of

two previously published studies suggest that
reduced airway calibre in obesity is due simply to
reduced FRC [11, 14]. However, the excess in
asthma diagnosis and symptoms in obese sub-
jects suggests that there might be greater airway
narrowing than could be explained simply by
reduced airway calibre alone.

In winter 2002, the present authors undertook a
follow-up study of the Belmont cohort (New
South Wales, Australia) [15], in which airway
calibre (Gaw) and static lung volumes were
measured by body plethysmography in a general
population sample of young adults aged 28–
30 yrs. This narrow age range meant that the
potentially confounding effects of age on the
elastic properties of the lung and, hence, on
airway calibre, were not present. This study
tested the hypothesis that increasing BMI causes
airway narrowing over and above that caused by
reduced lung volume alone.

METHODS
The subjects were members of a cohort of 718
children aged 8–10 yrs who were recruited in the
winter months (June and July) of 1982 from a
random selection of primary schools in the
Belmont region of New South Wales, Australia
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[16]. In the present study, 322 members of the cohort who
completed a questionnaire and underwent skin-prick tests and
histamine bronchial challenge tests during the winter months
of 2002 were included. Subjects were aged 28–30 yrs at the time
of study. The authors determined airway calibre (Gaw) in
relation to lung volume, and examined the relationships to
BMI after adjusting for potential confounding factors. This
study was approved by the Human Ethics Review Committee
of the University of Sydney, Sydney, Australia (protocol
number 02/02/58), and all subjects gave written informed
consent.

Questionnaire and skin-prick tests
Subjects completed questionnaires about asthma diagnosis,
respiratory symptoms and medication use. Skin-prick tests
were performed using a panel of eight common aeroallergens
and included a positive and negative control. A positive skin-
prick test was defined as an average weal diameter of o3 mm.

Spirometry and bronchial challenge tests
Spirometry was measured using dry rolling seal spirometers
(S&M; Mijnhardt BV, Bunnik, Holland), calibrated daily.
Bronchial challenges were performed using the rapid method
[17], in which histamine diphosphate was administered by use
of DeVilbiss No. 45 hand-held nebulisers (DeVilbiss Health
Care Inc., Sommerset, PA, USA) in doses ranging 0.03–
3.9 mmol histamine. The forced expiratory volume in one
second (FEV1) was measured 30 s later and was followed
immediately by the next dose. The test was stopped if the FEV1

fell by o20% of the post-saline value or if all histamine dose
steps to 3.9 mmol had been administered. Salbutamol (200 mg)
was administered at the end of the challenge to subjects who
had a decrease in FEV1 of o10%. Short-acting b-agonists were
withheld for 6 h and long-acting b-agonists for 24 h prior to
testing. If the post-saline FEV1 was ,70% of predicted, then
patients underwent a bronchodilator reversibility test with
only 200 mg salbutamol. AHR was present if there was a o20%
decrease in FEV1 after inhalation of f3.9 mmol of histamine, or
if there was o15% increase in FEV1 after inhalation of 200 mg
salbutamol. The predicted values of KNUDSON et al. [18] were
used.

Body plethysmography
Gaw, the lung volume at which Gaw was measured (thoracic
gas volume (Vtg)) and the subdivisions of lung volume were
measured using a constant-volume body plethysmograph
(Autobox 6200 DL; Sensormedics, Yorba Linda, CA, USA),
which was calibrated twice daily. Subjects supported their
cheeks with their hands, wore a noseclip and panted gently
at ,1 Hz while the shutter was opened and closed, then
inhaled slowly to total lung capacity (TLC) and then exhaled
slowly to residual volume. All flow versus plethysmograph
pressure loops and mouth pressure versus plethysmograph
pressure loops, from which Gaw and Vtg were calculated,
were visually checked and aberrant loops were discarded.
At least three reproducible measurements were obtained,
from which the average TLC and FRC, and the best vital
capacity were selected. The predicted values from CRAPO

et al. [19] for lung volumes and BRISCOE and DU BOIS [20] for
Gaw were used.

Data analyses
All data are presented as mean¡95% confidence intervals
unless otherwise specified. Current asthma was defined as the
presence of self-reported wheeze in the last year and AHR [21].
The mean BMI in the presence or absence of wheeze, AHR and
current asthma were compared using unpaired t-tests. The
effect of weight or BMI on FRC and Gaw, after adjustment for
potential confounders, was tested using a two-stage regression
modelling approach. In the first stage, the association of FRC
and Gaw with smoking (current smoking status, years smoked
and number of cigarettes smoked per day) and current asthma
status was tested. Where a significant association was demon-
strated, the residuals after adjustment for confounding were
used in subsequent models. In the absence of any significant
association, raw values were used in the second stage. Age was
not included as a confounder in either of these models due to
the small age range of the subjects. In the second-stage model
for FRC, first-stage outcome was regressed on height, which is
known to be correlated with FRC, and weight, which was
included as an indicator of obesity. In the second-stage model
for Gaw, the first-stage outcome for this variable was regressed
on Vtg, which is known to be correlated with Gaw, and BMI,
which was included as an indicator of obesity. Predictors were
selected using a stepwise procedure. The effect of sex on the
association between obesity and the lung function outcomes
was tested using interaction terms and, where these were
significant, sex-specific models were fitted.

RESULTS
The characteristics of the cohort are shown in table 1. There
were satisfactory Gaw measurements and bronchial challenges
to histamine (or bronchodilator reversibility tests) in 276
subjects, with 27 (9.8%) having AHR. There were no
differences in mean BMI of the 74 (27%) subjects who had

TABLE 1 Subject characteristics and lung function

Male Female Total

Subjects n 139 (50) 137 (50) 276

Atopy 77 (58) 48 (38) 125 (48)

FEV1 % pred 99.9¡2 107.5¡2 103.3¡1.1

FEV1/FVC % 82.7¡1.1 84.9¡1.0 83.8¡0.7

Wheeze 34 (25) 40 (29) 74 (27)

AHR 12 (9) 15 (11) 27 (10)

Current asthma 8 (6) 14 (10) 22 (8)

Gaw L?s-1?cmH2O-1 0.64¡0.04 0.58¡0.03 0.61¡0.03

sGaw % pred 72.3¡4.6 68.7¡4.0 70.5¡3.0

FRC % pred 85.3¡3.4 84.0¡2.9 84.7¡2.3

Smoking 36 (26) 40 (29) 76 (28)

Height cm 178.2¡1.1 164.8¡1.1

Weight kg 85.4¡2.7 68.4¡2.6

BMI 26.8¡0.7 25.2¡1.0

Data are presented as n (%) or mean¡95% confidence interval. FEV1: forced

expiratory volume in one second; % pred: % predicted; FVC: forced vital

capacity; AHR: airway hyperresponsiveness: Gaw: airway conductance; sGaw:

specific airway conductance; FRC: functional residual capacity; BMI: body

mass index.
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wheeze (26.8¡1.5 kg?m-2) compared with those who did not
(25.8¡0.6 kg?m-2; p.0.05); of the 27 (10%) subjects who had
AHR (26.5¡2.7 kg?m-2) compared with those who did not
(26.0¡0.6 kg?m-2; p.0.05); or of the 22 (8%) subjects who had
current asthma (27.5¡3.1 kg?m-2) compared with those who
did not (25.9¡0.6 kg?m-2; p.0.05).

First-stage regression: adjustment for disease confounders
There were no significant independent associations between
the potential confounders (smoking and current asthma) and
FRC (r250.01, p50.49); therefore, no adjustment of FRC was
necessary. Current asthma, but not smoking, was significantly
associated with Gaw (r250.03, p50.0047).Thus, Gaw residuals
adjusted for current asthma were used in subsequent regressions.

Body mass index and lung volume
Interaction terms demonstrated that the associations between
FRC and both height and weight were significantly influenced
by sex (table 2); therefore, models for FRC were fitted separately
for each sex (table 3). In males, the estimated effect of weight
(independent of the effect of height) on FRC was a 30-mL
decrease for each kg increase in weight, explaining 14% of the
variance in FRC (p,0.0001). In females, the estimated indepen-
dent effect of weight was a 20-mL decrease per kg increase in
weight, explaining 32% of the variance in FRC (p,0.0001).

Body mass index and airway calibre
Interaction terms demonstrated that the associations between
BMI and Gaw were significantly influenced by sex (p50.004);
therefore, models for FRC were fitted separately for each sex.
The results of univariate linear regressions for males and

females appear in table 2. Gaw, adjusted for asthma, was
significantly associated with BMI, weight and Vtg in males, and
with BMI and height in females. The results of multiple
stepwise linear regressions for males and females appear in
table 3. In males, after adjustment for current asthma and Vtg,
BMI correlated with Gaw (partial r250.13; p,0.0001) with a
decrease of 0.017 L?s-1?cmH20-1 per kg?m-2 increase in BMI. In
females, after adjustment for asthma and Vtg, BMI also
correlated with Gaw, albeit weakly (partial r250.03; p50.03).
Figures 1a and b show Gaw adjusted for lung volume and
current asthma (Gaw residuals), from subjects grouped by
increasing BMI, in males and females, respectively. The sex
difference in the relationships between BMI and Gaw is shown.

DISCUSSION
The current authors studied the relationships between BMI,
lung volume and airway calibre in a group of young adults
aged 28–30 yrs. Compared with subjects in the normal weight
range, lung volume and airway calibre were reduced in
subjects with increasing BMI in a linear fashion. In addition,
subjects in the underweight category (,18.5 kg?m-2) also had
reduced airway calibre compared with normal weight subjects.
However, increasing BMI was not associated with recent
wheeze, AHR or current asthma. Analysis of the present data,
which has the advantage of reflecting a population of very
limited age range, shows that the reduction in airway calibre
was only partly related to the reduction in lung volume and
implicates other nonvolume-related mechanisms. The associ-
ation between increasing BMI and decreasing airway calibre
was stronger in males, being only weakly associated in
females. To put the effects of obesity on airway calibre in
perspective, a 26-yr-old, 70-kg male who is 178 cm in height
(BMI 22 kg?m-2) has a predicted FRC of 3.36 L and predicted
Gaw of 0.80 L?s-1?cmH20-1. If the same person had a BMI of
35 kg?m-2, based on the current data, FRC would be 2.13 L and
Gaw 0.51 L?s-1?cmH20-1. In simplistic terms, this equates to an

TABLE 2 Univariate associations between predictors (body
mass index (BMI), height and weight) and
outcomes (functional residual capacity (FRC) and
airway conductance (Gaw))

Outcome Predictor Effect# R2" p-value

Males

FRC+ BMI kg?m-2 -0.10¡0.03 0.33 ,0.0001

Height cm 0.04¡0.02 0.13 ,0.0001

Weight kg -0.017¡0.07 0.14 ,0.0001

Gaw
1 BMI kg?m-2 -0.02¡0.01 0.13 ,0.0001

Height cm 0.0002¡0.000 0.00 0.96

Weight kg -0.005¡0.003 0.10 0.0001

Vtg L 0.09¡0.05 0.09 0.0004

Females

FRC+ BMI kg?m-2 -0.06¡0.01 0.48 ,0.0001

Height cm 0.037¡0.014 0.18 ,0.0001

Weight kg -0.02¡0.005 0.32 ,0.0001

Gaw
1 BMI kg?m-2 -0.006 0.03 0.03

Height cm 0.007¡0.005 0.05 0.008

Weight kg -0.001¡0.002 0.01 0.2

Vtg L 0.03¡0.06 0.01 0.3

Data are presented as mean¡95% confidence interval, unless otherwise

stated. Vtg: thoracic gas volume. #: effect sizes unadjusted for effects of other

predictors; ": unadjusted proportion of variance explained by the predictor;
+: effect measured in L; 1: effect measured in L?s-1?cmH2O-1.

TABLE 3 Multivariate associations between predictors
(body mass index (BMI), height and weight) and
outcomes (functional residual capacity (FRC) and
airway conductance (Gaw))

Outcome Predictor# Effect" Partial R2+ p-value

Males

FRC1 Height cm 0.08¡0.02 0.39 ,0.0001

Weight kg -0.03¡0.006 0.14 ,0.0001

Gaw
f BMI kg?m-2 -0.017¡0.010 0.13 ,0.0001

Vtg L 0.06¡0.05 0.03 0.035

Females

FRC1 Height cm 0.04¡0.01 0.24 ,0.0001

Weight kg -0.02¡0.004 0.32 ,0.0001

Gaw
f BMI -0.006¡0.005 0.03 0.03

Data are presented as mean¡95% confidence interval. Vtg: thoracic gas

volume. #: all predictors shown are significant at the p,0.05 level and were

selected by stepwise procedure; ": effect sizes independent of each other; +:

independent proportion of variance explained by the predictor; 1: effect

measured in L; f: effect measured in L?s-1?cmH2O-1.
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11% reduction in diameter of a single 5-mm diameter airway
and 58% increase in airway resistance, with only 10% of the
increased resistance being due to the decreased lung volume.

The role of BMI in determining airway calibre, after adjustment
for lung volume, has not been reported previously. Age and
height, though not BMI, are parameters in predictive equations
for Gaw [20], presumably because of the small numbers of
subjects that were studied. In contrast to the current authors’
results, ZERAH et al. [11] reported a strong relationship between
Gaw and FRC with an r2 of 0.49 in 46 healthy subjects, which
explained the reduced airway calibre in obesity. However,
their subjects ranged 16–63 yrs in age. RUBINSTEIN et al. [14]
performed a case-control study of 103 obese subjects and 190
healthy, age-, sex- and height- matched controls over an age
range of ,60 yrs. RUBENSTEIN et al. [14] also found that, in obese
subjects, FRC was reduced but, after correction for this
reduction in lung volume, Gaw was no different between
groups. Interestingly, they also found reduced maximal
expiratory flow rates in flow–volume curves at low lung
volumes, which suggested the presence of peripheral airflow
limitation in obese males.

The current study was unique in that a large sample from the
general population that had a narrow age range of 28–30 yrs
and a wide range of BMI was studied. These methodological
characteristics were the likely factors that allowed the authors
to find, in contrast to past studies, an association between
obesity per se and airway narrowing. The narrow age range
was probably the most important factor because lung elasticity
decreases and obesity becomes more common with increasing
age. Decreasing lung elasticity is the main factor causing the
age-related reduction in airway calibre and it is, therefore,
possible that the present findings in this age group may not be
present in older populations, where lung elasticity may play a
more dominant role in determining airway calibre. However,
given the broadening distribution of BMI with ageing and the
small magnitude of effect of BMI on airway calibre, a very
large population sample would need to be studied to
determine if the effect of BMI on airway calibre is applicable

to the general population. So far such studies have not been
carried out.

The present authors found sex differences in the relationship
between obesity and both lung volumes and airway calibre,
with a stronger relationship in males. This might be due to sex
differences in body habitus, with greater central obesity in
males and/or differences in muscle mass. Central obesity may
exert different mechanical stresses on the respiratory system,
which might alter the vertical gradients in transpulmonary
pressures. However, central obesity may elevate the dia-
phragm and reduce airway length, which would reduce
airway resistance. These effects were observed in males who
had normal or higher BMI, since there were insufficient
numbers of underweight males to analyse the effects of BMI
on airway calibre in this category, although the current authors
did find airway calibre tended to be less in underweight
females (fig. 1). This association has previously been found in
the underweight group [8, 22] who were found to use more
medications and report more symptoms. The underlying
mechanisms are not understood, but it could potentially relate
to low function at birth, particularly in low birthweight babies
in whom reduced lung function may persist into older life,
lung injury from smoking or other environmental influences
during airway growth in childhood, or to genetic factors. The
sex differences in lung and chest-wall shapes could be relevant
because potential differences in airway configurations have
differential effects on Gaw measurements due to the physical
properties of fluid flow through tubes [23].

There are several possible explanations for airways being
narrower in obesity. There could have been obesity-related
changes to the structure and function of airway walls, airway
smooth muscle, lung parenchyma and the upper airway.
Chronic reduction in end-expiratory lung volume may cause
micro-atelectasis [9]. This would have the effect of further
reducing lung volume, but it would increase the elastic recoil
of the lungs and thereby increase airway calibre. Breathing at
low lung volume has several possible effects on the airways.
Airway smooth muscle has a large capacity to mechanically
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FIGURE 1. Mean¡95% confidence interval of airway conductance (Gaw) corrected for asthma and lung volume (i.e. residuals), by increasing body mass index (BMI) in

males (a) and females (b). The BMI groups were as follows: underweight (,18.5 kg?m-2), normal weight (18.5–25 kg?m-2), overweight (25–30 kg?m-2) and obese

(o30 kg?m-2). In males, the underweight group was excluded due to small numbers, and Gaw was lower in the obese compared with the normal group (#: p50.006, ANOVA).

There were no significant differences between groups in females.

G.G. KING ET AL. EFFECTS OF BODY WEIGHT ON AIRWAY CALIBRE

c
EUROPEAN RESPIRATORY JOURNAL VOLUME 25 NUMBER 5 899



adapt to shorter length, so that its force-generating ability is
maximised by either plastic adaptation [24, 25] or changes in
the metabolism of the actin/myosin mechanism [26] leading to
chronic narrowing. Having chronic low lung volume could
also cause remodelling in the airway wall, either due to re-
organisation of the matrix or perhaps due to processes unique
to obesity itself, which might cause airway wall thickening.
There are also biochemical changes that are associated with
obesity, such as increased leptin and interleukin-6 levels [27],
which may either drive or contribute to changes in airway
structure and function.

The current authors found no association between AHR or
wheeze, or their combination, and obesity in the study
population. In contrast, small effects of obesity on the
prevalence of doctor-diagnosed asthma in other large popula-
tion studies have been found and, in particular, self-reported
wheeze [1, 6, 8]. However, the absence of any association
between AHR and obesity is consistent with previous findings
in Australian adults [8]. This apparent discrepancy in findings
is most probably due to the relatively small numbers of
subjects in this study. The small size effect of obesity on
wheeze was statistically significant in the previous studies
because they involved thousands of subjects. The present
authors found a prevalence of recent wheeze in 28% of subjects
who had BMIs of f25 kg?m-2 compared with 31% in those
who had greater BMIs, which was not significantly different.

The prevalence of obesity in the current study population was
20%, which is likely to be higher than in the populations used
to calculate the normal values, but is similar to the prevalence
reported elsewhere in Australia [28] and in other Western
countries [29]. An implication of the present findings is that,
with increasing obesity in Western populations, the current
predicted values for Gaw are likely to be too high for patients
with high BMI who are an increasing proportion of the general
population. Thus, BMI should be included as a factor in future
equations predicting specific conductance.

In conclusion, a strong relationship was found between body
mass index and both lung volume and airway calibre in
nonunderweight individuals. It was found that, with increas-
ing body mass index, airways were narrower than expected on
the basis of the reduction in lung volume, suggesting that there
were structural or functional changes in the airways that were
specifically associated with increasing body mass index. The
results of this study provide strong support for further studies
to elucidate the mechanisms of the airway narrowing, which
would allow clinicians to better assess respiratory symptoms
associated with obesity as opposed to airway narrowing due to
asthma.
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