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Elevated serum Immunoglobulin E (IgE) levels and increased air-
way responsiveness (AR) are correlated traits that are characteris-
tic of asthma. It is not known to what extent these traits arise from
distinct or shared genetic determinants. We investigated the ge-
netic and environmental components of variance of serum total
and specific IgE levels and AR in an Australian population-based
sample of 232 Caucasian nuclear families. The inter-relationships
of the genetic determinants of these traits were also investigated.
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h

 

2

 

N

 

) of
47.3% (SE 

 

5

 

 10.0%). Specific serum IgE levels against house dust
mite and timothy grass, measured as a RAST Index, ad a 
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 dose-response
slope to methacholine (DRS), had a 
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 of 30.0% (SE 
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 12.3%).
Extended modeling demonstrated an approximate 70% overlap in
the genetic determinants of total and specific serum IgE levels.
The genetic determinants of serum IgE levels and AR exhibited less
than 30% sharing. These data are consistent with the existence of
multiple genetic determinants of the pathophysiologic traits asso-
ciated with asthma, and suggest that AR is genetically distinct
from atopy. These results have implications for gene discovery
programs.

 

Asthma is the most common chronic childhood disease in de-
veloped nations (1) and is associated with high economic and
social costs (2). Most asthma is closely associated with airway
inflammation and narrowing. The familial syndrome of atopy
(allergic asthma, seasonal rhinitis, and/or eczema) is accompa-
nied by increased levels of total serum Immunoglobulin E
(IgE) and elevated levels of IgE specific to aeroallergens (3).
In patients with asthma, specific serum IgE is most commonly
detected against inhaled allergens from house dust mites
(HDM) and grass pollens (4). Asthma is also typified by non-
specific increased airway responsiveness (AR) to inhaled

agents such as histamine or methacholine, which can be quan-
tified by measuring the reduction of expiratory airflow after
increasing doses of these agents (5).

In most patients with asthma, elevated serum IgE levels are
strongly associated with increased AR (6). However, although
symptoms of asthma and increased AR correlate with in-
creased total and specific serum IgE levels, many persons with
elevated IgE levels are not asthmatic (6). Similarly, despite its
close relationship with atopy, AR is a reasonably specific but
not sensitive predictor of asthma (7). It is uncertain to what
extent these associations reflect shared genetic or environ-
mental determinants.

Considerable effort is currently being expended in the de-
tection of genetic loci contributing to asthma susceptibility (8).
Both binary disease status and asthma-associated quantitative
phenotypic traits have been investigated. One measure of the
familial aggregation of disease status is the recurrence risk ra-
tio (
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R

 

) where R refers to a particular class of relatives of an
affected individual and 

 

l

 

R

 

 denotes the ratio of the prevalence
of disease among these relatives to the prevalence in the gen-
eral population (9). Generally, the recurrence risk for siblings
(

 

l

 

s) is calculated; the 

 

l

 

s of past or current physician-diag-
nosed asthma has of value 

 

,

 

 2 (10). Power calculations based
on this value suggest that testing for linkage is significantly en-
hanced by the use of quantitative traits in preference to a cate-
gorical asthma phenotype (10). The use of quantitative “inter-
mediate” phenotypes such as serum IgE levels or AR also
permits selection of subjects for the extremes of distribution,
with increased power to detect linkage (8, 11). It is therefore
important to examine the genetic basis of asthma-associated
physiological traits.

The aim of this study was to use Variance Components
Analysis to estimate the genetic and environmental compo-
nents of variance of serum total and specific IgE levels and
AR in a population-based sample of nuclear families. A fur-
ther aim was to investigate the inter-relationships between the
genetic determinants of these traits.

 

METHODS

 

Study Population

 

Busselton is a rural town on the coast of South-Western Australia. In
1990 all residents on the Busselton electoral roll (approximately 9,000)
were sent a questionnaire regarding current respiratory symptoms and
medical history. From approximately 6,500 replies, Caucasian families
were ascertained for the present study. The study was undertaken dur-
ing the winter months of May–July 1992 to avoid seasonal effects on
the measured traits. Families with both parents alive and younger than
55 yr of age and having at least two children older than 5 yr of age were
recruited serially. All participants older than 5 yr of age were studied,
and complete data were obtained on 1,020 subjects, comprising 232 nu-
clear families. The field methods used have been described in detail
elsewhere; the response rate was 72% (12).
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The study was approved by the Human Rights Committee of the
University of Western Australia, and informed personal or parental
consent was obtained for all subjects.

 

Questionnaire

 

Individual and family histories of respiratory symptoms, demographic
information, and smoking were assessed at interview using the British
Medical Research Council questionnaire (13). Questionnaires relat-
ing to children were administered to a parent, generally the mother.
Pack-years of smoking were calculated from questionnaire responses.
One pack-year was taken to be equivalent to the consumption of 20
cigarettes per day for 1 yr.

 

IgE Assays

 

Total serum IgE and specific serum IgE to whole house dust mites
(HDM) (

 

Dermatophagoides pteronyssinus

 

) and Timothy grass pollen
(

 

Phleum pratense

 

) were measured using the Immunocap FEIA (Phar-
macia AB, Uppsala, Sweden). The levels of specific IgE were con-
verted to RAST units according to Pharmacia recommendations. A
“combined RAST index” was calculated for each subject as the sum
of the RAST scores to HDM and Timothy grass (8).

 

Airway Responsiveness

 

Spirometry was performed in the sitting position using a dry wedge
spirometer (Vitalograph Model S, Buckinghamshire, UK) calibrated
daily with a 3-L syringe. The best FEV

 

1

 

 was measured according to
the guidelines of the American Thoracic Society (14).

Response to methacholine challenge was assessed by the Yan
rapid method (15). The FEV

 

1

 

 was measured after inhalation of saline
and increasing (doubling) doses of methacholine chloride delivered
from calibrated handheld nebulizers. At each dose step one forced ex-
piratory maneuver was performed unless it was thought to be tech-
nically unsatisfactory. The challenge was continued until either the
FEV

 

1

 

 fell by at least 20% from the postsaline value or until the maxi-
mal cumulative dose (12 

 

m

 

mol) of methacholine was delivered. AR
was expressed as the two-point dose-response slope (DRS) of metha-
choline response against percentage fall in FEV

 

1

 

 (16).

 

Statistical Analysis

 

The primary response variables modeled were: (

 

1

 

) total serum IgE,
(

 

2

 

) the combined RAST index to HDM and Timothy grass, and (

 

3

 

)
the DRS to methacholine challenge. Explanatory variables included
sex, age, height, and pack-years of smoking. Total serum IgE, the
combined RAST index, and the DRS were also included as explana-
tory covariates in certain models.

All explanatory variables except sex were analyzed as continuous
covariates. Total serum IgE levels and the DRS to methacholine ex-
hibited a skewed distribution with a long right-hand tail; log

 

e

 

 transfor-
mation rendered the marginal distributions of these variables approx-
imately Normal. The combined RAST index also exhibited a skewed
distribution with a long right-hand tail; there was no obvious transfor-

mation to render the marginal distribution approximately Normal.
Therefore, this variable was analyzed in its raw form. A constant of 10
was added to each DRS measurement in order to allow log

 

e

 

 transfor-
mation when the DRS was 

 

<

 

 0. All continuous covariates were cen-
tered at or close to their mean and were modeled as linear, quadratic,
and cubic fixed effects.

The software package FISHER (17) was used to partition ob-
served phenotypic variance into genetic and nongenetic components
by maximum likelihood methods. Each model assumed that the distri-
bution of the response phenotype was multivariate normal, with a
mean that depended upon a particular set of explanatory covariates.
The mean models and specification of variance and covariance struc-
tures are given in A

 

PPENDIX

 

. Analysis of the combined RAST index
relied upon tests of model fit to ensure that the skewed marginal dis-
tribution of this variable did not seriously distort assumptions of mul-
tivariate Normality. It should be noted that marginal non-Normality
need not necessarily imply lack of multivariate Normality once all of
the biologic components of a model are included.

Phenotypic variance was partitioned into four components: 
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additive genetic effects; 
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 common sibling environment; 
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C
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common family environment; and 

 

s

 

2
EC

 

 or 
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2
EP
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 the residual vari-
ances (which are assumed to arise from nonfamilial factors) in chil-
dren and in parents, respectively.

 

The narrow-sense heritability (
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) was defined as the ratio of
variance due to additive genetic effects (
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) to the total phenotypic
variance of each trait (18): 
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). As-
ymptotic standard errors for 
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 were obtained by reparameterizing
the covariance model in terms of 
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 rather than 

 

s

 

2
A

 

.
The statistical associations of covariates entered as fixed effects and

the current response variable were assessed by removal of terms from
the mean model and calculation of a likelihood ratio 

 

x

 

2

 

 test statistic
(18). The same approach was used as an approximate guide to the “sig-
nificance” of a departure of the value of a variance component from its
null value (zero). Statistical significance was taken as the 5% level.

Standard goodness-of-fit tests to check overall validity of models
were performed using the FISHER program (17). These included a
test of the acceptability of the assumption of multivariate Normality.

 

Extended Modeling

 

In order to investigate the extent to which additive genetic effects
were shared between phenotypes, the original mean model for each
phenotype of interest (e.g., total serum IgE) was extended by adding
(one at a time) terms for other outcomes of primary interest (e.g., the
RAST index and DRS) (

 

see

 

 Tables 2B, 3B, and 4B). Under such cir-
cumstances a large reduction in the magnitude of 

 

s

 

2
A

 

 suggested a
sharing of additive genetic factors, and therefore a two- or three-way
sharing of genetic determinants.

Because this was not a standard nested model problem, an ap-
proach based upon profile likelihoods (19) was used to assess the
magnitude of any change in the estimate of the genetic component of
variance (

 

s

 

2
A

 

). 

 

s
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A[O]

 

 was defined as the estimated value of 

 

s
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 in the

 

TABLE 1

POPULATION CHARACTERISTICS

 

Mothers
(

 

n

 

 

 

5

 

 

 

232

 

)
Fathers

(

 

n

 

 

 

5

 

 

 

232

 

)
Female Offspring

(

 

n

 

 

 

5

 

 

 

278

 

)
Male Offspring

(

 

n

 

 

 

5

 

 

 

278

 

)

Age, yr* 38.9 (4.8) 41.5 (4.8) 12.7 (4.9) 12.6 (4.6)
Height, cm* 164.0 (6.2) 176.3 (7.6) 149.9 (17.0) 153 (20.8)
Total serum IgE

 

†

 

25.7 40.4 62.1 73.7
(IU/ml) (20.7 to 32.0) (32.8 to 46.6) (50.5 to 76.5) (60.3 to 88.8)
RAST index* 1.7 (2.4) 1.8 (2.2) 2.3 (3.1) 2.8 (2.9)
DRS to methacholine

 

†

 

1.8 2.2 2.7 3.7
(% fall in FEV

 

1

 

 per 

 

m

 

mol
methacholine) (1.4 to 2.3) (1.7 to 2.7) (2.2 to 3.4) (2.9 to 4.7)

Pack-years of smoking* 3.1 (7.8) 9.1 (13.5) 0.2 (1.0) 0.2 (1.4)
Asthma (ever), % (n)

 

†

 

16.4 (38) 15.5 (36) 20.5 (57) 27.0 (75)

* Values are means with SD shown in parentheses.

 

†

 

 Geometric mean and 95% confidence intervals (

 

6

 

 1.96 SEM).

 

‡

 

 Positive answer to the question: “Has your doctor ever told you that you have asthma or bronchial asthma?”
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original model and 

 

s

 

2
A[E]

 

 as its equivalent in the extended model. The
extended model was then refitted and the value of 

 

s

 

2
A

 

 constrained so
it was forced to take the value 

 

s

 

2
A[O]

 

. The ratio of the likelihoods of
the free and constrained models measured the plausibility of the hy-
pothesis that the true value of 

 

s

 

2
A

 

 was unchanged by extending the
model. In a standard nested model problem, a likelihood ratio of 6.82
approximates to p 

 

5

 

 0.05. More generally, a likelihood ratio in excess
of 10 is moderate evidence that the hypothesis of shared determinants
is plausible, and one in excess of 100 is strong evidence.

 

RESULTS

 

Characteristics of Families

 

The mean number of children per family was 2.35. Male and
female participants were equally represented in the study pop-
ulation (Table 1). The mean age (

 

6

 

 SD) of parents was 40.2 

 

6

 

5.0 yr and of children 12.6 

 

6

 

 4.7 yr.

 

Effects of Age, Sex, Pack-Years of Smoking, and Height

 

The variance components modeling suggested that the joint
age and sex effect (see mean model specification in A

 

PPENDIX

 

)
was highly significant for total serum IgE (
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 68.9, p 

 

,

 

0.0001) and for the combined RAST index (

 

x
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7
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 44.7, p 

 

,

 

0.0001). Levels were higher in men and in children (Table 1).
Neither pack-years of smoking nor height were significantly
related to total IgE levels or to the RAST index.

The joint age and sex effect was also significant for DRS
levels (

 

x

 

2
7
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 39.1, p 

 

,

 

 0.0001). DRS levels were higher in men
and in children (i.e., male children were the most responsive
subjects) (Table 1). There was some evidence of an associa-
tion between increased height and increased AR, although the

relationship was not formally significant (

 

x
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 7.2, p 

 

5

 

 0.07).
Pack-years of smoking were not significantly related to the DRS.

 

Associations with Asthma and Inter-relationships

 

The variance components modeling suggested that total serum
IgE levels (
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 69.1, p 

 

,

 

 0.0001), the combined RAST index
(

 

x
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1
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 88.4, p 

 

,

 

 0.0001), and the DRS to methacholine (

 

x

 

2
1

 

 

 

5

 

164.0, p 

 

,

 

 0.0001) were all closely associated with the pres-
ence of physician-diagnosed asthma (ever).

Total serum IgE levels and the combined RAST index
were closely associated with each other (

 

x

 

2
3

 

 

 

5 661.9, p ,
0.0001). The DRS was closely associated with both total serum
IgE (x2

3 5 121.4, p , 0.0001) and the combined RAST index
(x2

3 5 217.2, p , 0.0001).
These associations were independent of age, sex, pack-

years of smoking, and height, and the covariance model en-
sured appropriate adjustment for familial correlation.

The fraction (percent) of the total serum IgE explained by
the RAST index was calculated with the RAST index ex-
pressed in IU/ml. The fraction was log-normally distributed,
with a geometric mean of 0.66% (individual range 5 0.0% to
83.1%).

Variance Components and Heritability Estimates

After adjustment for all covariates, the h2
N of serum total IgE

levels was 47.3% (SE 5 10.0%), i.e., additive genetic effects
(s2

A) contributed just under half of the total variance (Figure 1
and Table 2A). s2

A was significantly greater than zero (x2
1 5

20.5, p , 0.0001). The remaining variance was largely the result
of nonfamilial environment effects (s2

EC). Familial environment
effects were not significantly different from zero (Table 2A).

Figure 1. Components of total
variance in total serum IgE levels.
The estimated value, standard er-
ror, and percentage of total vari-
ance in total serum IgE concentra-
tion are shown for each component
of variance.

TABLE 2A

MAXIMUM LIKELIHOOD (BASELINE) MODEL* SHOWING VARIANCE
COMPONENTS ESTIMATES FOR LOGe SERUM TOTAL IgE LEVELS

Outcome Variable s2
A (SE) s2

C (SE) s2
CS (SE) s2

EC (SE) s2
EP (SE)

Loge total serum IgE level 1.319 (0.282) 0.047 (0.154) 0.186 (0.148) 1.236 (0.215) 0.736 (0.254)

* Model adjusted for age, sex, pack-years of smoking, and height.
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The h2
N of the RAST index was estimated to be 33.8%

(SE 5 7.3%), i.e., s2
A contributed approximately one third of

the total variance (Figure 2 and Table 3A). The s2
A was signifi-

cantly greater than zero (x2
1 5 17.5, p , 0.0001). Environmen-

tal effects common to siblings (s2
CS) were also significantly

greater than zero (x2
1 5 11.4, p 5 0.001) and contributed ap-

proximately 15% of the total phenotypic variance. Environ-
mental effects common to families (s2

C) were not significantly
different from zero and contributed only minimally, if at all, to
total phenotypic variance. The majority of phenotypic vari-
ance was attributable to nonfamilial environmental effects
(s2

EC) (Figure 2 and Table 3A).
The h2

N of DRS levels was estimated to be 30.0% (SE 5
12.3%), i.e., s2

A contributed approximately one third of total
variance (Figure 3 and Table 4A). The s2

A was significantly
greater than zero (x2

1 5 5.5, p 5 0.019). The remaining vari-
ance was largely the result of nonfamilial environmental ef-
fects. Familial environmental effects were not significantly dif-
ferent from zero and contributed only minimally, if at all, to
total phenotypic variance (Figure 3 and Table 4A).

The extended modeling (Tables 2B, 3B, 4B) indicated that
adjustment of the total serum IgE for the RAST index re-
sulted in a large fall (to 0.40 [SE 5 0.10], 30.4% of baseline
model, see Tables 2A and 2B) in the s2

A estimate. This was
consistent with an approximate 70% overlap in genetic (s2

A)
determinants, and was associated with a likelihood ratio in ex-

cess of 1.0 3 1012, providing strong evidence of an important
reduction in s2

A. Adjustment of the total serum IgE model for
DRS resulted in an estimated 18.7% fall (to 1.07 [SE 5 0.16],
81.3% of baseline model, see Tables 2A and 2B) in the esti-
mate of s2

A. The likelihood of the unconstrained model was
only 3.01 times greater than that of the constrained model,
consistent with little or no change in s2

A. Adjustment of the
total serum IgE model for both the RAST index and DRS si-
multaneously resulted in a large fall (to 0.55 [SE 5 0.16],
42.1% of baseline model, see Tables 2A and 2B) in the s2

A es-
timate. This was consistent with an approximate 58% overlap
in genetic (s2

A) determinants, and was associated with a likeli-
hood ratio in excess of 1.0 3 1012, providing strong evidence of
an important reduction in s2

A. However, this reduction was no
greater than that observed when the total serum IgE model
was adjusted for the RAST index alone (Table 2B).

Extension of the RAST index model to include terms for
DRS resulted in a fall of 29.2% (to 2.11 [SE 5 0.54], 70.8% of
baseline model, see Tables 3A and 3B) in the estimate of s2

A.
This was associated with a likelihood ratio of 4.9, consistent with
little or not change in s2

A. Adjustment of the RAST index
model for both total serum IgE and DRS resulted in a large fall
(to 0.94 [SE 5 0.34], 33.8% of baseline model, see Tables 3A and
3B) in the s2

A estimate. This was consistent with an approximate
66% overlap in genetic (s2

A) determinants, and was associated
with a likelihood ratio of 9.7 3 1010, providing strong evidence of

TABLE 2B

MAXIMUM LIKELIHOOD MODELS SHOWING VARIANCE COMPONENTS ESTIMATES FOR
LOGe SERUM TOTAL IgE LEVELS AFTER SEQUENTIAL ADJUSTMENTS FOR COVARIATES

Model
No. Variables included

s2
A (SE)

(% of baseline)
s2

A profile
Likelihood Ratio†

s2
C (SE)

(% of baseline)
s2

CS (SE)
(% of baseline)

s2
EC (SE)

(% of baseline)
s2

EP (SE)
(% of baseline)

1 Baseline 1 combined 0.401 (0.097) . 1.0 3 1012 0.000 0.175 (0.108) 0.811 (0.114) 0.509 (0.160)
RAST index* 30.4% 93.8% 65.6% 69.2%

2 Baseline 1 loge DRS* 1.072 (0.160) 3.01 0.000 0.129 (0.135) 1.256 (0.176) 0.728 (0.208)
81.3% 69.4% 101.6% 98.9%

3 Baseline 1 combined 0.555 (0.156) . 1.0 3 1012 0.000 0.172 (0.108) 0.747 (0.132) 0.494 (0.135)
RAST index* 1 loge DRS* 42.1% 92.5% 60.4% 67.1%

* Linear, quadratic, and cubic terms included in model.
† Profile likelihood ratio of free (baseline) model to constrained model.

Figure 2. Components of to-
tal variance in combined RAST
index levels. The estimated
value, standard error, and per-
centage of total variance in
RAST index are shown for each
component of variance.
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an important reduction in s2
A. However, this reduction was al-

most identical to that observed when the RAST index model
was adjusted for total serum IgE alone (Table 3B).

Fitting extended models for the other possible combina-
tions of outcomes and covariates (e.g., a model with the out-
come DRS adjusted for total IgE levels) gave results consis-
tent with the overlap in genetic determinants described above
(Tables 2B, 3B, 4B).

The goodness-of-fit tests (17) did not indicate any signifi-
cant lack-of-fit problems for any of the models reported. In
particular, they always failed to reject the multivariate Normal
assumption at the 5% significance level.

DISCUSSION

Our study was designed to recruit a sample of families that
were representative of a general white population, and it has
shown that the total serum IgE, specific IgE to common aller-
gens, and AR are strongly heritable traits.

The prevalence rates for self-reported asthma for adults
and children in the study were similar to those found in other
Australian population studies (20, 21). The close associations
of total and specific IgE and DRS levels with physician-diag-
nosed asthma were consistent with previous studies (3–5). As
other investigators have reported (22), asthma was more com-
mon in boys than in girls. The relationship of serum IgE levels
to age and sex was similar to that found in other population-
based studies of white individuals (23), as were the relation-
ships of DRS levels to age and sex (24). The smoking rates for
parents and offspring were similar to the Australian general
population (25, 26).

Theoretical modeling of the relative efficiency and power
to estimate heritability of a quantitative trait using the
FISHER software (27) indicated that our study had greater
than 90% power at a 5 0.05 to reject the null hypothesis h2 5
0 for a true heritability of 20%. Thus, our study had sufficient
power to detect heritabilities greater than 20% for all out-
comes investigated.

The importance of familial determinants in the regulation
of serum IgE production in humans is well established. Studies
of pedigrees and twins have suggested that total serum IgE
levels have a heritability of around 50 to 80% (28, 29), consis-

tent with the present results. Our study further shows the cor-
relations to be independent of the effects of age, sex, height,
or total pack-years of cigarette consumption. Most of the ob-
served familial correlations are attributable to genetic rather
than to environmental factors. The relative contributions of
familial and nonfamilial environmental factors to variance in
total serum IgE levels are consistent with those reported in
other studies (29, 30).

The heritability of specific IgE levels has not previously re-
ceived much attention and it is of interest that our results show
strong genetic effects underlying this trait. The significant con-
tribution (15%) of common sibling environment to this trait is
consistent with the effects of domestic allergens on specific
IgE responses. Despite the marginal non-Normality of the
RAST index, the models we present pass standard tests of
multivariate Normality at the 5% significance level. Further-
more, inferences were unaffected if modeling was based on
the t-distribution instead of the Normal distribution.

Few studies have directly estimated the heritability or
mode of inheritance of AR in humans. One study, of 61 MZ
and 46 DZ twin-pairs 6 to 31 yr of age (28), estimated the
broad-sense heritability of the area under the loge methacho-
line dose-response curve as approximately 66%. This is consis-
tent with our findings of substantial familial correlations in
AR that were independent of the effects of age, sex, height, or
smoking. The majority of the observed familial correlations in
DRS were due to genetic factors transmitted from parents to
offspring, with a minor contribution from environmental fac-
tors common to families.

Our analysis allowed estimation of the overlap between ge-
netic determinants of the three traits studied. Many studies
have shown that total serum IgE levels and specific reactivity
to allergens are highly correlated in industrialized populations
(31). A similar close association of total serum IgE levels and
the combined RAST index in our subjects was reflected in
largely shared additive genetic factors (Tables 2B and 3B).
There was also some evidence of shared familial (s2

C) and
nonfamilial (s2

EC) environmental determinants. In the sub-
jects described in this study, less than 1% of the total serum
IgE was attributable to specific IgE against common allergens.
This suggests that the evidence of shared determinants was
not simply due to repeated modeling of what amounted to the

TABLE 3A

MAXIMUM LIKELIHOOD (BASELINE) MODEL* SHOWING VARIANCE
COMPONENTS ESTIMATES FOR COMBINED RAST INDEX

Outcome Variable s2
A (SE) s2

C (SE) s2
CS (SE) s2

EC (SE) s2
EP (SE)

Combined RAST Index 2.983 (0.677) 0.247 (0.341) 1.365 (0.462) 4.233 (0.570) 0.702 (0.314)

* Model adjusted for age, sex, pack-years of smoking, and height.

TABLE 3B

MAXIMUM LIKELIHOOD MODELS SHOWING VARIANCE COMPONENTS ESTIMATES FOR
COMBINED RAST INDEX AFTER SEQUENTIAL ADJUSTMENT FOR COVARIATES

Model
No. Variables Included

s2
A (SE)

(% of baseline)
s2

A profile
Likelihood Ratio†

s2
C (SE)

(% of baseline)
s2

CS (SE)
(% of baseline)

s2
EC (SE)

(% of baseline)
s2

EP (SE)
(% of baseline)

1 Baseline 1 Loge total 0.946 (0.238) 9.7 3 1010 0.000 0.641 (0.247) 2.628 (0.284) 0.931 (0.340)
serum IgE levels* 31.7% 47.0% 62.1% 181.8%

2 Baseline 1 Loge DRS* 2.111 (0.536) 4.90 0.144 (0.258) 1.190 (0.391) 3.789 (0.475) 0.407 (0.598)
70.8% 58.3% 87.2% 89.5% 79.6%

3 Baseline 1 Loge total serum 0.938 (0.338) 9.7 3 1010 0.000 0.749 (0.235) 2.242 (0.283) 0.670 (0.339)
IgE levels 1 Loge DRS* 31.4% 54.9% 53.0% 95.4%

* Linear, quadratic, and cubic terms included in model.
† Profile likelihood ratio of free (baseline) model to constrained model.
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same trait (as may have been the case if, e.g., most of the total
serum IgE was attributable to specific IgE against common al-
lergens). There was also evidence of unshared genetic and en-
vironmental determinants influencing the two traits. The un-
shared genetic determinants suggest the existence of at least
two distinct genetic pathways modulating atopic IgE re-
sponses independently of age- or sex-dependent expression or
genetic susceptibility to tobacco smoke exposure: one genetic
pathway modulating general potentiation of IgE immune re-
sponse and the other modulating specific reactions to individ-
ual allergens.

In asthmatic and nonasthmatic subjects, total serum IgE
levels and specific IgE levels to domestic allergens are strongly
associated with AR (6, 32). Previous studies have suggested
that around 30% of individual variance in AR can be attrib-
uted to total serum IgE levels (3, 6). In the present study, the
observed close relationships of total and specific serum IgE
levels to the DRS were consistent with the previous reports.
However, we found only borderline evidence that the associa-
tion of the DRS to methacholine with both total serum IgE
levels and the RAST index might be partially due to the shar-
ing of additive genetic determinants.

The extended modeling to investigate three-way sharing of
genetic determinants (Model 3 in Tables 2B, 3B, 4B) showed
that addition of two outcomes as covariates did not cause any
further reduction in the s2

A component of phenotypic vari-
ance for any of the outcomes. This suggests that any pairwise
overlap between the additive genetic determinants of total se-
rum IgE levels and airways responsiveness to methacholine is
likely due to sharing of genetic determinants common to all 3
traits, i.e., methacholine responsiveness is unlikely to share ge-
netic determinants with total serum IgE levels that are not

also shared with the RAST index. The same argument also ap-
plies to pairwise overlap between the genetic determinants of
specific serum IgE and AR. However, the profile likelihood
ratios observed for these reductions in s2

A were sufficiently
small to be consistent with the hypothesis that the genetic de-
terminants of methacholine responsiveness are entirely dis-
tinct from those of total and specific serum IgE levels.

The current study thus suggests that a large proportion
(though not all) of the genetic determinants of total serum IgE
levels are shared with those of specific IgE levels to house dust
mite and Timothy grass. In contrast, the genetic determinants
of serum IgE immune responses were largely independent of
those for AR. Some independence of the familial determi-
nants of total and specific IgE responses have been previously
suggested (3, 33), but the degree of overlap has not been pre-
viously quantified. Independence of the genetic determinants
of IgE levels and DRS has not been previously demonstrated.

Genetic linkage studies are consistent with these observa-
tions. Linkage to the 5q31-33 chromosomal region has been
shown with total serum IgE levels, but not specific serum IgE
levels (34). Linkage of bronchial hyperresponsiveness to the
same region may be due to separate gene(s) (35). A recent
whole genome screen for quantitative trait loci underlying
asthma (8) was based on a subset of the population described
in this report. In that study, the loge total serum IgE levels and
loge DRS showed significant linkage to different chromosomes.

The present study suggests the presence of multiple genetic
determinants of the pathophysiologic traits associated with
asthma, and shows that two of the important phenotypes asso-
ciated with asthma (IgE levels and AR) are distinct traits with
largely unshared additive genetic determinants. Programs of
gene identification will be facilitated by the recognition that

Figure 3. Components of to-
tal variance in airway respon-
siveness (measured as DRS to
methacholine). The estimated
value, standard error, and per-
centage of total variance in air-
way responsiveness are shown for
each component of variance.

TABLE 4A

MAXIMUM LIKELIHOOD (BASELINE) MODEL* SHOWING VARIANCE COMPONENTS
ESTIMATES FOR LOGe DOSE-RESPONSE SLOPE (DRS) TO METHACHOLINE

Response Variable s2
A (SE) s2

C (SE) s2
CS (SE) s2

EC (SE) s2
EP (SE)

Loge DRS level 1.100 (0.458) 0.262 (0.244) 0.150 (0.207) 2.156 (0.318) 2.121 (0.400)

* Model adjusted for age, sex, pack-years of smoking, and height.



1842 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 161 2000

different genetic mechanisms are likely to regulate serum IgE
levels and AR: these traits are not proxies for one another and
should be examined separately and together in molecular and
cellular studies.

Acknowledgment : The writers thank the people of the Busselton commu-
nity for their participation in this study and the many colleagues who as-
sisted in the collection of this data.

References
1. The International Study of Asthma and Allergies in Childhood (ISAAC)

Steering Committee. 1998. Worldwide variation in prevalence of symp-
toms of asthma, allergic rhinoconjunctivitis, and atopic eczema: ISAAC
Lancet 351:1225–1232.

2. Robertson, C., M. Dalton, J. Peat, M. Haby, A. Bauman, J. Kennedy,
and L. Landau. 1998. Asthma and other atopic diseases in Australian
children. Med. J. Aust. 168:434–438.

3. Burrows, B., F. Martinez, M. Halonen, R. Barbee, and M. Cline. 1989.
Association of asthma with serum IgE levels and skin-test reactivity to
allergens. N. Engl. J. Med. 320:271–277.

4. Sears, M., G. Herbison, M. Holdaway, C. Hewitt, E. Flannery, and P.
Silva. 1989. The relative risks of sensitivity to grass pollen, house dust
mite and cat dander in the development of childhood asthma. Clin.
Exp. Allergy 19:419–424.

5. Ryan, G., K. Latimer, J. Dolovich, and F. Hargreave. 1982. Bronchial re-
sponsiveness to histamine: relationship to diurnal variation of peak
flow rate, improvement after bronchodilator, and airways calibre.
Thorax 37:423–429.

6. Sunyer, J., J. M. Anto, J. Sabria, J. Roca, F. Morell, R. Rodriguez-Roi-
sin, and M. J. Rodrigo. 1995. Relationship between serum IgE and air-
way responsiveness in adults with asthma. J. Allergy Clin. Immunol.
95:699–706.

7. Jansen, D., W. Timens, J. Kraan, B. Rijcken, and D. Postma. 1997. Symp-
tomatic bronchial hyper-responsiveness and asthma. Respir. Med.
91:121–134.

8. Daniels, S., S. Bhattacharrya, A. James, N. Leaves, A. Young, M. Hill, J.
Faux, G. Ryan, P. LeSouef, G. Lathrop, A. Musk, and W. Cookson.
1996. A genome-wide search for quantitative trait loci underlying
asthma. Nature 383:247–250.

9. Risch, N. 1990. Linkage strategies for genetically complex traits. I. Mul-
tilocus models. Am. J. Hum. Genet. 46:222–228.

10. Cookson, W., and L. Palmer. 1998. Investigating the asthma phenotype.
Clin. Exp. Allergy 28(Suppl. 1):88–89.

11. Risch, N., and K. Merikangas. 1996. The future of genetic studies of
complex human diseases. Science 273:1516–1517.

12. Hill, M., A. James, J. Faux, G. Ryan, J. Hopkin, P. LeSouef, A. Musk,
and W. Cookson. 1995. Fc«RI-b polymorphism and risk of atopy in a
general population sample. Br. Med. J. 311:776–779.

13. Medical Research Council. 1965. Medical Research Council Committee
on the Aetiology of Chronic Bronchitis: definition and classification
of chronic bronchitis for clinical and epidemiological purposes. Lancet
1:775–779.

14. American Thoracic Society. 1995. ATS statement: standardization of
spirometry—1994 update. Am. J. Respir. Crit. Care Med. 152:1107–1136.

15. Yan, K., C. Salome, and A. Woolcock. 1983. Rapid method for measure-
ment of bronchial responsiveness. Thorax 38:760–765.

16. O’Connor, G., D. Sparrow, D. Taylor, M. Segal, and S. Weiss. 1987.
Analysis of dose-response curves to methacholine: an approach suit-
able to population studies. Am. Rev. Respir. Dis. 136:1412–1417.

17. Hopper, J., and J. Matthews. 1994. A multivariate normal model for ped-
igree and longitudinal data and the software FISHER. Aust. J. Stat.
36:153–176.

18. Khoury, M., T. Beaty, and B. Cohen. 1993. Fundamentals of Genetic Ep-
idemiology. Oxford University Press, Oxford.

19. Clayton, D., and M. Hills. 1993. Statistical Models in Epidemiology. Ox-
ford University Press, Oxford.

20. Hopper, J., M. Jenkins, J. Carlin, and G. Giles. 1995. Increase in the self-
reported prevalence of asthma and hay fever in adults over the last
generation: a matched parent-offspring study. Aust. J. Public Health
19:120–124.

21. Crockett, A. J., J. M. Cranston, and J. H. Alpers. 1995. The changing
prevalence of asthma-like respiratory symptoms in South Australian
rural schoolchildren. J. Paediatr. Child Health 31:213–217.

22. Clough, J. B. 1993. The effect of gender on the prevalence of atopy and
asthma. Clin. Exp. Allergy 23:883–885.

23. Barbee, R., M. Halonen, M. Lebowitz, and B. Burrows. 1981. Distribution
of IgE in a community population sample: correlations with age, sex,
and allergen skin test reactivity. J. Allergy Clin. Immunol. 68:106–111.

24. Paoletti, F., L. Carrozzi, G. Viegi, P. Modena, L. Ballerin, F. Pede, L.
Grado, S. Baldacci, M. Pedreschi, M. Vellutini, P. Paggiaro, U. Mam-
mini, L. Fabbri, and C. Giuntini. 1995. Distribution of bronchial respon-
siveness in a general population: effect of sex, age, smoking, and level of
pulmonary function. Am. J. Respir. Crit. Care Med. 151:1770–1777.

25. Hill, D., V. White, R. Williams, and G. Gardner. 1993. Tobacco and al-
cohol use among Australian secondary school students in 1993. Med.
J. Aust. 158:228–234.

26. Hill, D., and V. White. 1995. Australian adult smoking prevalence in
1992. Aust. J. Public Health 19:305–308.

27. Schork, N., and M. Schork. 1993. The relative efficiency and power of
small-pedigree studies of the heritability of a quantitative trait. Hum.
Hered. 43:1–11.

28. Hopp, R., A. Bewtra, G. Watt, N. Nair, and R. Townley. 1984. Genetic
analysis of allergic disease in twins. J. Allergy Clin. Immunol. 73:265–270.

29. Hanson, B., M. McGue, B. Roitman-Johnson, N. L. Segal, T. J. Bou-
chard, and M. N. Blumental. 1991. Atopic disease and immunoglobu-
lin E in twins reared apart and together. Am. J. Hum. Genet. 48:873–879.

30. Wuthrich, B., E. Baumann, R. Fries, and U. Schnyder. 1981. Total and
specific IgE (RAST) in atopic twins. Clin. Allergy 11:147–154.

31. Brown, W., M. Halonen, W. Kaltenborn, and R. Barbee. 1979. The rela-
tionship of respiratory allergy, skin test reactivity, and serum IgE in a
community population sample. J. Allergy Clin. Immunol. 63:328–335.

32. Burrows, B., M. R. Sears, E. M. Flannery, G. P. Herbison, and M. D.
Holdaway. 1992. Relationships of bronchial responsiveness assessed
by methacholine to serum IgE, lung function, symptoms, and diag-
noses in 11-year-old New Zealand children. J. Allergy Clin. Immunol.
90:376–385.

33. Meyers, D., T. Beaty, L. Freidhoff, and D. Marsh. 1987. Inheritance of
serum IgE (basal levels) in man. Am. J. Hum. Genet. 41:51–62.

34. Marsh, D., J. Neely, D. Breazeale, B. Ghosh, L. Feidhoff, E. Ehrlich-
Kautzky, C. Schou, G. Krishnaswamy, and T. Beaty. 1994. Linkage
analysis of IL4 and other chromosome 5q31.1 markers and total se-
rum immunoglobin E concentrations. Science 264:1152–1156.

35. Postma, D. S., E. R. Bleecker, P. J. Amelung, K. J. Holroyd, J. Xu, C. I.
Panhuysen, D. A. Meyers, and R. C. Levitt. 1995. Genetic susceptibil-

TABLE 4B

MAXIMUM LIKELIHOOD MODELS SHOWING VARIANCE COMPONENTS ESTIMATES
FOR LOGe DOSE-RESPONSE SLOPE (DRS) TO METHACHOLINE AFTER

SEQUENTIAL ADJUSTMENT FOR COVARIATES

Model
No. Variables Included

s2
A (SE)

(% of baseline)
s2

Aprofile
Likelihood Ratio†

s2
C(SE)

(% of baseline)
s2

CS (SE)
(% of baseline)

s2
EC (SE)

(% of baseline)
s2

EP (SE)
(% of baseline)

1 Baseline 1 Loge total 0.830 (0.409) 1.24 0.199 (0.214) 0.026 (0.188) 2.160 (0.296) 2.119 (0.354)
serum IgE* 75.5% 75.9% 17.3% 100.2% 99.9%

2 Baseline 1 RAST index* 0.726 (0.374) 1.64 0.211 (0.194) 0.126 (0.179) 1.941 (0.267) 1.823 (0.330)
66.0% 80.5% 84.0% 90.0% 85.9%

3 Baseline 1 Loge total 0.705 (0.372) 1.26 0.208 (0.191) 0.116 (0.178) 1.957 (0.266) 1.814 (0.329)
serum IgE 1 RAST index* 64.1% 79.4% 77.3% 90.8% 85.5%

* Linear, quadratic and cubic terms included in model.
† Profile likelihood ratio of free (baseline) model to constrained model.
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ity to asthma—bronchial hyperresponsiveness coinherited with a ma-
jor gene for atopy. N. Engl. J. Med. 333:894–900.

APPENDIX

1. The mean models were specified as follows:

Mean 5 b1 1d.(b2 1 b3.age 1 b4.age2 1 b5.age3) 1 (1-d).(b6.age 1
b7.age2 1 b8.age3) 1 b9.(cigarette pack years) 1 b10.(cigarette pack
years)2 1 b11.(cigarette pack years)3 1 b12.height 1 b13.height2 1
b14.height3

where bn was the nth fixed regression coefficient and d is a binary indi-
cator variable taking the value 1 in male and 0 in female subjects. This
model permitted independent age-specific profiles for the phenotype
of interest in male and female subjects.

2. The total phenotypic variance (conditional on the mean model)
was based on a conventional covariance structure (18) and was speci-
fied as: (s2) 5 s2

A 1 s2
CS 1 s2

C 1 g.s2
EC 1 (1-g).s2

EP
The residual variance was allowed to differ between children and

parents; the binary indicator variable g took the value 1 in children
and 0 in parents.

3. The conditional covariances within a family were specified as:

(1) 1/2s2
A 1 s2

CS 1 s2
C between two siblings;

(2) 1/2s2
A 1 s2

C between a parent and a child; and
(3) s2

C between two parents.


