Factor analysis of asthma and atopy
traits shows 2 major components, one of
which is linked to markers on

chromosome 5q
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Background: A variety of definitions of asthma and atopy
traits have been used in genetic studies. The variables used
may be correlated, increasing the likelihood of type I error.
Objective: We sought to clarify and quantify phenotypes that
may be characterized by related traits. Principal components
and factor analysis were applied to the correlation matrix of
asthma and atopy traits before linkage analysis.

Methods: Factor analysis was performed on 468 Hispanic and
non-Hispanic white children enrolled in the Tucson Children’s
Respiratory Study, with complete information on 24 items,
including skin test response to 7 allergens, total serum IgE lev-
els, presence or absence of asthma attacks, wheezing episodes,
hay fever, and cough. Factor score coefficients were then
applied to all siblings (n = 877), and quantitative factor scores
were derived. Single-point and multipoint nonparametric sib-
pair analyses were performed to assess linkage to markers on
chromosome 5q31-33. Analyses were also performed for indi-
vidual items.

Results: Two main factors were identified: Factor I had high
loadings on atopic items, including skin test responses, IgE, and
hay fever, and Factor II had high loadings that included asthma
diagnosis, wheezing, cough, and Alfernaria species skin test
response. Factors I and II were correlated at an r value of 0.19.
For the quantitative factor scores, significant single-point link-
age (P <.0001) was demonstrated only for atopic Factor I, and a
peak multipoint LOD score of 2.7 was seen for marker D5S479.
Multipoint LOD scores for individual items were 1.1 or less.
Conclusion: These analyses suggest evidence for a locus or loci
mapping to chromosome 5q31-33 associated with this composite
atopic phenotype. (J Allergy Clin Immunol 2001;108:772-80.)
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Successful gene identification relies on basic epidemio-
logic concepts, such as case identification and accuracy of
diagnosis. The mechanisms responsible for the inheritance
of asthma, a complex phenotype,! are not well understood,
despite many reports of linkage of asthma phenotypes to
markers mainly on chromosomes 11 and 5.24

In spite of advances in our knowledge of the genetics
and pathogenesis of asthma, a comprehensive definition
of asthma has been difficult to achieve. Recent state-
ments have expanded on past definitions, with the addi-
tion of certain cellular functions.5:6 The majority of cur-
rent definitions and guidelines for asthma diagnosis
characterize it as a reversible narrowing of the conduct-
ing airways of the lung, occurring either slowly or rapid-
ly,” with, as a rule, evidence of airway wall inflammation
and eosinophilia.8 However, in spite of these guidelines,
a variety of definitions of asthma have been used in epi-
demiologic and genetic studies, including subject reports
of self or doctor diagnosis, record reviews, and pul-
monary function test results.” Each method may select
different population subsets. !0

Given the characterization of asthma as a complex phe-
notype, there has been much emphasis on studying the
genetics of phenotypes showing a strong association with
asthma, which may also cluster within families. The sup-
position is that such intermediate phenotypes or, more
specifically, the genes regulating their expression may
play a crucial role in the pathogenesis of asthma.!l Thus
each intermediate or subphenotype represents a separate
specific phenotype or phenotypic marker necessary but
not sufficient for the development of asthma.12 For exam-
ple, phenotypic markers that have been used or suggested
include bronchial hyperesponsiveness, increased total
serum IgE levels, specific IgE antibody responsiveness to
a single allergen complex, and skin test reactivity.12-15

Such intermediate phenotypes, however, are likely to
be correlated with one another; for example, skin test
response to a specific allergen may be correlated with
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responses to other allergens. Furthermore, testing many
correlated variables increases the likelihood of type I
error. However, it is possible that sets of such intermedi-
ate phenotypic markers may uniquely characterize a
complex phenotype more precisely than a diagnostic def-
inition, thereby identifying groups of individuals pos-
sessing similar asthmatic or atopic profiles.

The statistical technique of factor analysis provides a
method of identifying a relatively small number of fac-
tors or factor constructs that can be used to represent the
relationships between a large number of variables. These
factors, once identified, can then be quantified with a
score. Principal components analysis is an initial step in
factor analysis. Such methods have been used typically in
psychology, educational studies, and the social sciences,
where variables are often less precisely defined and the
nature of the relations is not clear.16 The use of factors
can also help reduce the type I error by avoiding the use
of the Bonferroni correction for multiple statistical tests
on related variables.

In this study we apply the statistical techniques of
principal components and factor analysis to a set of vari-
able items used in epidemiologic analyses to define asth-
ma or asthma-like symptoms or that have shown associ-
ations with these conditions. Factors or composite
phenotypes comprising correlated phenotypic markers
are identified and quantified by factor scores. Linkage of
these composite phenotypes and their component items
to genotypic markers on chromosome 5q is assessed by
using single-point and multipoint linkage analysis. Chro-
mosome 5q31-33 has long been a focus of interest for
assessing linkage of asthma- and atopy-related traits
because of the large number of genes in the region that
regulate functions known to be associated with atopy.

METHODS

The study population was derived from families participating in
the Tucson Children’s Respiratory Study, a longitudinal study inves-
tigating the risk factors for asthma and other acute and chronic ill-
nesses in infancy and childhood.!7 Families were enrolled at random
with respect to asthma or other respiratory diseases. Only families in
which the biologic parents declared they were either non-Hispanic
white or Hispanic were included in this analysis. These are the pre-
dominant ethnic groups in the Tucson area. This study was approved
by the Human Subjects Committee of the University of Arizona, and
parents signed consent forms at all phases of the study.

Blood was drawn for in-depth evaluation, including determination
of serum IgE levels, when the mean age of the index children and sib-
lings was 6 and 11 years, respectively. A further in-depth evaluation
was performed at 11 years for index children. Log; serum IgE levels
were age and sex adjusted by using regression procedures, as previ-
ously described.!5 At each in-depth evaluation, individuals were skin
tested with extracts of allergens common in the Tucson area (Table I;
Hollister-Stier Laboratories, Everett, Wash). Children were consid-
ered to have a positive reaction to an allergen if they had a 3-mm or
larger wheal reaction to that allergen at either evaluation.

Questionnaires administered at the first in-depth evaluation,
completed by parents for themselves and on behalf of their children,
provided information on respiratory symptoms and diagnoses, as
well as on parental smoking habits. Questionnaires at enrollment
provided information on demographic variables.
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TABLE I. Two-factor solution and factor loadings after
oblique rotation*

Factor I: Factor II:
Factor item atopy asthma
Bermuda grass ST 0.80 -0.01
Careless weed ST 0.73 0.05
Mesquite ST 0.69 0.01
Olive ST 0.67 0.07
Total serum IgE 0.64 0.06
Mulberry ST 0.61 0.13
Alternaria ST 0.54 0.19
House dust ST 0.34 0.17
MD rhinitis 0.23 0.31
Mother past MD asthma 0.13 0.06
Child past MD asthma 0.10 -0.00
Father current MD asthma 0.10 0.03
Male sex 0.09 0.14
Exercise wheeze occasionally 0.08 0.57
Eczema 0.07 0.17
Exercise wheeze usually -0.06 0.27
Child current MD asthma 0.05 0.72
Father non-Hispanic white 0.04 -0.05
Mother non-Hispanic white 0.04 -0.03
Current coughi 0.02 0.63
Mother current MD asthma 0.02 0.22
Father past MD asthma 0.02 0.11
Past exposure to ETS -0.02 -0.03
Current exposure to ETS 0.01 -0.01
Current wheeze 0.01 0.64

ST, Skin test; MD, physician-diagnosed; ETS, environmental tobacco smoke.
*Items with loadings of 0.15 or greater are in boldface; current and past
asthma for mother, father, and child were entered into the correlation matrix
as sets of dummy variables.

FPositive responses to Dermatophagoides farinae and cat dander were com-
bined with positive responses to house dust mix.

$Responses of 3 or greater on a scale of 1 to 5.

Blood was drawn for genetic studies from all family members
who consented at the time of the second in-depth evaluation.
Genomic DNA was extracted from these samples following con-
ventional methods, as previously described by Martinez et al.!8
Genotyping was performed for 11 PCR-based, highly polymorphic,
dinucleotide repeat, anonymous markers, spanning approximately
28 c¢cM in chromosome 5q31-33, namely D5S642, D5S393,
D5S479, D5S399, D5S414, D5S500, D5S658, D5S436, D5S210,
D5S519, and D5S209. Distances between markers (7, 2, 1, 1, 1, 1,
5, 0.5, 7, and 3 cM, respectively) were obtained from published
maps or from our own data, as described in former analyses.!8 The
genotyping methodology has also been previously described by
Martinez et al.!8

Factor analysis

Briefly, factor analysis is a data-reduction procedure that uses
the information from the entire correlation coefficient matrix of a
large number of variables to produce a smaller number of hypothet-
ical factor constructs or components that help explain the correla-
tions between the variables. Factors are initially extracted from the
correlation matrix until there is no appreciable variance left. Coef-
ficients, weights, or loadings roughly represent the correlation
between the variable item and the factor. The factors can be charac-
terized as linear combinations of the original variables, and quanti-
tative factor scores can be estimated.
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The Kaiser-Meyer-Olkin (Kaiser, 1974) measure of sampling
adequacy and the Bartlett test of sphericity (Norusis, 1994) were
calculated as an indication of the appropriateness of the correlation
matrix for factor analysis.

Factor analysis was first performed on 468 unrelated Hispanic and
non-Hispanic white children for whom we had complete information
on a number of variables (Table I). These items were selected as those
that have been used in epidemiologic analyses to define asthma, asth-
ma-like symptoms, or atopy or that have shown associations with
these conditions.19-28 The use of unrelated children avoided biases in
the correlation matrix because of family size. Resulting factor-score
coefficients were then applied to the 468 children and their 409 sib-
lings, and quantitative factor scores were derived for a total of 877
children. Sibling correlations were calculated for the factor scores and
for the factor items by using the program FCOR within the Statistical
Analysis for Genetic Epidemiology (SAGE) software.29 Contingency
tables were used to characterize the factor scores, grouped in tertiles,
versus some of the variable items.

Linkage analysis

Linkage analyses were performed in a group of selected fami-
lies, with preference given to those with 3 or more children (n = 104
families, with a mean of 3.5 children per family) who had been
genotyped for the marker set on chromosome 5q31-33. A total of
288 children from 100 of these families of the original 877 children
with available quantitative factor scores were included. Single-point
nonparametric sib-pair analyses were performed with the SAGE
program SIBPAL.2% We applied the robust Haseman-Elston (HE)
regression method,30 in which the squared sib-pair difference in the
trait of interest is regressed on the estimated proportion of alleles
shared identical by descent, and a ¢ test for negative slope is per-
formed. For randomly selected pedigrees, this method performs
well in providing evidence for linkage when compared with maxi-
mum likelihood methods based on knowledge of the correct genet-
ic model.3!

Single-point linkage analyses were performed with all available
sib pairs for each quantitative factor score, respectively, and the 11
markers genotyped on chromosome 5q31-33. Furthermore, single-
point analyses were performed by using the extreme tertiles of each
factor score, forming a dichotomous variable representing affected
and unaffected cases for each factor construct. For comparison,
these analyses were also performed for variable items used in the
factor analyses.

For our final evaluation of linkage, we used the HE and maxi-
mum likelihood (ML) multipoint techniques for quantitative traits
found in the software MAPMAKER/Sibs.32 The ratio of the likeli-
hood of the data under linkage to that under the random Mendelian
segregation alternative is calculated for each sib pair. The sum of the
logarithms of these likelihood ratios for all sib pairs gives the LOD
score (traditionally the log of the odds favoring genetic linkage).33
The LOD score probability can be calculated by converting it to a z
score statistic equal to V(LOD x 4.6). So doing will confirm that an
LOD score of 3.0 corresponds to a P value of .0001. There is con-
siderable debate over the appropriate threshold to use to avoid many
false-positive claims while not missing a suggestion of linkage.32

Multipoint linkage analyses were performed for the composite
scores of Factor I (atopy) and Factor II (asthma), respectively, as
well as individual items that were significant in the HE regression.
It has been shown that only sibling pairs concordant for high or low
values or discordant sibling pairs provide substantial power to
detect linkage.34 Therefore we also conducted some multipoint
linkage analyses for only those individuals in the upper and lower
tertiles of the quantitative scores, representing affected and unaf-
fected cases, respectively. Hence these analyses included sib pairs
concordant for high or low values and discordant pairs.
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RESULTS

There were 468 unrelated children with data available
for factor analysis. Quantitative factor scores were
derived for these children, plus 409 siblings with com-
plete data available. Of these 877 children, 288 from 100
families had genotypic data for linkage analyses.

The correlation matrix of items was first subjected to a
principal components extraction. A scree test, performed
by plotting the Eigen values of each extraction in descend-
ing order, suggested a distinct break at 4 factors account-
ing for 39% of the variance. The Kaiser-Meyer-Olkin mea-
sure of sampling adequacy for the correlation matrix was
0.81, and the Bartlett test of sphericity was significant at a
P value of .00001 or less, indicating that a factor analysis
of this correlation matrix would be very appropriate. Sev-
eral solutions were examined in terms of their adequacy in
accounting for the data and approach to simple structure
(each factor with high loadings on different variables).
After principal axis factoring and orthogonal rotation, a 2-
factor solution was found to represent the data, with Fac-
tors III and IV being represented only by ethnicity and
parental smoking, respectively. The loadings for these 2
factors after principal factor extraction and oblique rota-
tion are given in Table I. This rotation is considered more
realistic because the theoretically important underlying
dimensions are not assumed to be unrelated to one anoth-
er.35 The correlation (p) between the two factors was 0.19.
Factor I, accounting for 16.4% of the variance, was named
“atopy” because of high positive loadings on skin prick
test items, IgE, and rhinitis. Factor II, accounting for 6.2%
of the variance, was named “asthma” because of high pos-
itive loadings on a diagnosis of current asthma, eczema,
and a variety of respiratory symptoms, including cough,
wheeze, and exercise-induced wheezing, as well as rhini-
tis. Only rhinitis, house dust, and Alternaria species skin
tests had loadings greater than 0.15 on both factors. Inter-
estingly, we have previously shown that a positive
response to Alternaria species is associated with asthma in
the Tucson area.3¢ Quantitative factor scores were derived
for Factor I and Factor II, with high scores representing an
increased atopy or asthma profile.

Table II shows sibling correlations for the factor
scores and a number of factor items. Twice the sibling
correlation provides an estimate of the heritability and
represents an upper limit.37 The heritability estimate is
highest for total serum IgE level (75%), with Factor I a
close second (74%).

Part of our linkage strategy used only the upper and
lower tertiles of the quantitative scores derived from Fac-
tors I and II, with the upper tertile representing a more
atopic or asthmatic profile for Factors I and II, respec-
tively. Contingency table analyses using the tertiles and
the factor items in the 877 children with the data neces-
sary to compute the factor scores helped characterize the
factors more clearly. Of the children in the upper tertile
of Factor I, 15% had physician-diagnosed current asth-
ma, comprising 55% of the total number of patients with
physician-diagnosed current asthma in all 3 tertiles (P =
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.21, with binomial distribution). In contrast, all of the
patients with physician-diagnosed current asthma fell
into the upper tertile of Factor II (P < .0001, with bino-
mial distribution), making up 26% of the upper tertile. In
addition, the mean total serum IgE level (z score) for
individuals in the upper tertile of Factor I was 0.90 ver-
sus 0.20 and —1.0 for those in the mid and lower tertiles,
respectively, with 54% of the variance in IgE accounted
for. In contrast, for Factor II, equivalent values were 0.27
versus —0.05 and —0.20, with 3.2% of the variance in IgE
accounted for (both P < .001).

Of the 877 children with the data necessary to com-
pute quantitative factor scores, 288 belonged to the group
of 100 genotyped nuclear families. These 288 children
yielded 316 sib pairs, with a total of 144 for Factor I in
the upper and lower tertiles (55, 49, and 40 classified as
concordant affected, concordant unaffected, and discor-
dant, respectively) and a total of 123 for Factor II (52, 29,
and 42 classified as concordant affected, concordant
unaffected, and discordant, respectively).

Table III shows the results of the HE linear regression
analysis, for Factor I entered both as grouped upper and
lower tertiles (ie, affected and unaffected) and as a con-
tinuous variable. The negative slope was significant for a
number of markers for the upper and lower tertiles, with
the highest level of significance (lowest P = .0001) for
marker D5S479. For the continuous score, once again the
lowest P value (.00007) was for marker D5S479. For
comparison with the composite score, Table IV shows
every significant negative slope from HE linear regres-
sion analysis for the individual factor items. None
achieve the level of significance found for Factor I,
including total serum IgE, which has a heritability level
similar to that of Factor I. Furthermore, the lowest P
value is seen for mulberry skin test (P < .01), which is at
the same position but over 100 times higher than the low-
est P value for Factor I (P = .00007). No significant
slopes were identified for Factor II, the asthma profile.

For multipoint analysis for Factors I and II using the
entire range of each quantitative score, the highest LOD
score of 1.4, corresponding to a z score of 2.5 (P = .006),
was seen for Factor I, peaking at marker D5S479. Factor
IT showed no evidence of linkage, with the highest LOD
score of 0.04 at D5S414 equivalent to a z score of 0.43 (P
= .33). Fig 1 shows the results of the multipoint linkage
analyses for items that were significant in the HE single-
point test for linkage. The highest LOD score of 0.5,
associated with a P value of .06, is seen for mulberry skin
testing, peaking at marker D55479. All other LOD scores
are less than 0.4, which is clearly not significant.
Restricting the mulberry skin test analysis to only those
sibling pairs in the upper and lower tertiles of Factor I
increased the peak LOD score at D5S479 to 1.13 (P =
.01). Similarly, restricting the continuous serum IgE
analysis to only those sib pairs in the upper and lower ter-
tile of the IgE distribution increased the peak LOD score
for that analysis marginally to 0.43 (P = .08) at D5S399.

Fig 2 shows the results of multipoint analysis with the
continuous score for Factor I and restricting analysis only
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TABLE Il. Sibling correlations for factor scores and items
(n = 316 pairs)*

Equal weight  Equal weight to
Factor/item to pairs (p) nuclear families (p)
Factor I: atopy 0.3115 0.3705
Factor II: asthma 0.1937 0.1744
Bermuda grass ST 0.2082 0.2342
Careless weed ST 0.2366 0.3438
Mesquite ST 0.2104 0.3033
Olive ST 0.1847 0.2497
Total serum IgE 0.3510 0.3745
Mulberry ST 0.1754 0.2412
Alternaria ST 0.1443 0.1711
House dust ST 0.0568 0.0919
MD rhinitis 0.3448 0.2994
Child past MD asthma 0.1508 0.0215
Exercise wheeze 0.1059 0.1014
Eczema 0.2383 0.2415
Exercise wheeze usually 0.1371 0.1126
Child current MD asthma 0.0591 0.0065
Cough 0.1053 0.1801
Current wheeze 0.0570 0.0798

ST, Skin test; MD, physician-diagnosed.
*[tems measuring parental attributes had high sibling correlations. A sibling
correlation for sex was not computed.

to those in the upper and lower tertiles to assess linkage to
the 11 markers studied in chromosome 5q. For orientation,
the approximate positions of potential candidate gene loci
are also shown.3839 A clear peak is seen in the area corre-
sponding to marker D5S479, with an LOD score of 2.18
for the HE method and 2.7 for the ML method. The sig-
nificance levels correspond to normal distribution z scores
of 3.2 (P = .0007) for HE and 3.5 (P = .0002) for ML.
These z scores correspond to very significant single-test P
values (ie, at a specific locus). In a genome-wide context
the threshold for significance would be a z score of 4.1, an
LOD score of 3.6 or greater, and a single-test P value of
.00002 to avoid the chance encounter of a false-positive
result at 5%.32 Results were entirely comparable when
analyses were performed separately for those subjects
with both non-Hispanic white or Hispanic parents, respec-
tively. Peak LOD scores of 1.63 and 0.47 were noted at
marker D5S467 for families who were non-Hispanic white
(69 families) or Hispanic (24 families), respectively.

Finally, there are some closely adjacent markers that
have ¢ and P values that run counter to the overall trends
(eg, markers D5S399 and D5S414 for the continuous
score and markers D5S436 and D5S210 in the tertile
analysis; Table III). For consistency, the distances
between markers were those used in our former analy-
ses.18 More recent maps may order the markers and can-
didate genes slightly differently (www.ensembl.org),
with the following caveats: the sequence data are not ide-
ally assembled; not all contaminants have been removed,
and gene predictions are not optimally refined by cDNA.
Nonetheless, removing D5S414 and D5S436 from the
multipoint analysis did not affect the position or magni-
tude of the peak LOD score.
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FIG 1. Multipoint HE sib-pair linkage analysis for factor items (phenotypes) significant in single-point HE
analysis to markers on chromosome 5q31-33. A, Cough; B, current wheeze; C, exercise-induced wheeze; D,
Bermuda grass skin test; E, careless weed skin test; F, mesquite skin test; G, house dust skin test; H, mul-
berry skin test; I, total serum IgE level.
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FIG 2. Multipoint HE sib-pair linkage analysis for atopy profile (Factor 1) to markers on chromosome 5q31-
33 using only those sib pairs in the upper and lower tertile of the quantitative score distribution. The approx-
imate location of candidate genes is shown: IRF1, IFN regulatory factor 1; CSF2, colony-stimulating factor 2;
FGFA, fibroblast growth factor acidic; ADRB2, B-adrenoreceptor.

DISCUSSION ing the variance associated with the atopy factor showed
no evidence for linkage with these same markers. These
The composite atopy-related phenotype obtained by results suggest that variants in genes in chromosome 5q

means of factor analysis shows significant evidence for may determine atopy and, through this mechanism,
linkage with markers in chromosome 5q31-33, but the increase susceptibility to asthma. However, there appear to
asthma phenotype derived as a second factor after remov- be no variants that determine asthma independent of the
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TABLE lll. HE linear regression analysis for Factor |, discrete and continuous variables: Squared sib-pair trait difference
versus estimated proportion of alleles shared identical by descent

Factor | (upper and lower tertiles grouped)

Factor | (continuous score)

Marker Effective df Slope tValue P value Effective df Slope tValue P value
D5S642 68 -0.0333 -0.2261 4109 135 -0.4407 —1.1446 1272
D5S393 71 —-0.1455 -1.0997 1376 136 -0.6267 -1.7317 .0428%*
D5S479 72 —0.5450 -3.9032 .0001F 147 -1.4749 -3.9056 .00007+
D5S399 71 -0.4015 -2.9257 0023 144 -1.1515 -3.2115 .0008
D5S414 67 -0.4116 -2.8023 0033 133 -0.2700 -0.7181 .2370
D5S500 73 -0.2922 —2.2250 .0146* 146 —0.4877 —-1.3936 .0828
D5S658 79 —0.2841 -2.1409 .0177% 151 -0.8784 -2.3195 .0109*
D5S436 83 0.0722 0.5051 6926 158 0.2038 0.5652 7136
D5S210 86 —0.3437 —2.6597 .0047% 169 —0.4257 -1.3057 .0967
D5S519 79 —0.2538 -1.9679 .0263* 161 0.0712 0.2043 .5808
D5S209 79 -0.1894 -1.1791 1209 155 -0.5854 -1.4726 0714
*P <5%.

TP < 1%.

TABLE IV. HE linear regression analysis: Squared sib-pair trait difference versus estimated proportion of alleles shared
identical by descent—Factor items (phenotypes) showing significant slopes for markers*

Marker Slope P value Phenotype Slope P value Phenotype
D5S642

D5S393 -0.1521 .0180F Cough

D5S479 -0.1999 0202+ Careless weed -0.2099 .0094+% Mulberry
D5S399 -0.2240 01187 Bermuda

D5S414 -0.5165 .0373+ IgE

D5S500 -0.0711 03137 Exercise-induced wheezing

D5S658 -0.1914 01637 Mesquite

D5S436

D5S210 -0.1393 0252 House dust

D5S519 -0.1303 0469+ Current wheezing -0.0633 0441+ Exercise-induced wheezing
D5S209

*There were no significant findings for physician-diagnosed rhinitis, IgE upper and lower tertile categories, olive or Alternaria species skin prick tests, child
current or past asthma, eczema, or occasional exercise-induced wheezing. There is no variability for items measuring parental attributes.

TP <5%.
P <1%.

atopic status in this region. This finding is in accordance
with recent studies showing that although sensitization to
allergens is associated with asthma, there is no relation
between allergen exposure and the prevalence of asthma.40
This suggests that the development of childhood asthma
and the induction of specific IgE responses are determined
by independent factors, implying that the genetic determi-
nants of asthma and atopy differ. Thus although asthma is
an atopic disease, the exact nature of the link between
asthma and atopy remains to be determined.

The use of composite variables may help in analyses
of complex phenotypes in which a number of different
but related symptoms and signs can be combined through
use of the correlations in the empirical data to produce
fewer, less correlated dimensions that may prove to be
more useful in genetic studies. Affected sibling pairs for
Factor I would have high serum IgE levels, with or with-
out asthma symptoms, whereas for Factor II, they would
have asthma diagnoses or symptoms, with or without a
high serum IgE level. In the case of the composite atopic
profile, the evidence for linkage is considerably clearer
and more statistically significant when compared with

linkage analyses for its component items, which them-
selves are correlated with other variable items. The test-
ing of many correlated variables increases the likelihood
of type I error, which is avoided with the use of the quan-
titative composite score.

There are relatively few studies that have used the
quantitative score approach in the study of the genetics of
asthma and atopy. Lawrence et al4! initially pioneered
the use of principal components analysis and logistic
regression to study familial correlations and segregation
analyses of asthma- and atopy-related traits. Morton*2
has enumerated several advantages of the use of quanti-
tative scores, including the applicability of quantitative
trait locus theory, allowing for the adjustment for covari-
ates and the reduction of multiple traits to a smaller num-
ber of scores, optimizing some relevant property like her-
itability. With the use of all the family data, Morton has
suggested an approach maximizing heritability. In this
context Wilkinson et al43 have used principal compo-
nents analysis to derive quantitative scores for asthma
and atopy, athough IgE was selected as the best indicator
of atopy on the basis of its high value for heritability.
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Using this approach, they have found evidence of linkage
for an asthma score to markers on chromosome 12.

We found that the heritability of the factor score was
equivalent with that of some of the factor items, although
for assessing linkage to markers on chromosome 5q, the
use of the factor score gave clearer evidence of linkage.
Interestingly, total serum IgE levels, which have a high
loading on Factor I and a high heritability (75%) and have
shown evidence of linkage in the 5q31-33 region in other
studies,*45 showed little evidence of linkage in this region
in our population. Our estimate of heritability is higher than
many estimates, which range from 40% to 50%.46-48 Tt is,
however, more compatible with heritability estimates from
twin studies of 61% for total serum IgE4® and 80% for
cord-blood IgE.50 Nonetheless, only when total serum IgE
level was included with other items as part of a complete
atopic profile was there strong evidence for linkage in this
region. The atopic profile represented by Factor I appears
to provide a parsimonious summary of many related traits,
with a high heritability of 74%.

Chromosome 5q31-33 has been a focus of interest for
assessing linkage of asthma- and atopy-related traits
because of the large number of genes in this region regu-
lating functions known to be associated with atopy.
Genes in this area include 114, ILS, IL9, IL13, GMCSF,
ILI2B, and ITK, and the genes encoding both o- and B,-
adrenoceptors and the glucocorticosteroid receptor. The
cytokines formed by these genes participate in prolifera-
tion, differentiation, and activation of hematopoetic cells
and cells of the immune system. Activities associated
with atopy and inflammatory processes include produc-
tion of IgE (IL-4 and IL-13); eosinophil growth, matura-
tion, differentiation, activation, and survival (IL-3, IL-5,
IL-9, and GM-CSF); and inhibition of T-cell differentia-
tion (IL-12).51,52 A number of recent studies have indi-
cated linkage to markers on chromosome 5q31-33 of
asthma- and atopy-related phenotypes. Thus evidence
indicates the presence of genes in the chromosome 5q
cytokine cluster, encoding for IL-3, IL-4, IL-13, and IL-
5, associated with total serum IgE, 4445 bronchial hyper-
reactivity,3® asthma and atopy traits,>3 and specific IgE
response to American cockroach and dog.>* Genes in the
5q31-33 region have also been shown to control the
intensity of infection by Schistosoma mansoni,>> sug-
gesting they may play a general role in regulating
IgE-mediated responses. A recent genome—wide search
plus subsequent flanking markers to localize a gene for
familial eosinophilia (FE) demonstrated significant evi-
dence for an FE locus between the chromosome 5q31-33
markers D5S642 and D5S816.56 In contrast, a study in a
Finnish population found no evidence of linkage in this
area to either total serum IgE levels or asthma.57

We have recently shown significant evidence for link-
age among sib pairs concordant for low levels of circulat-
ing eosinophils by using the same set of markers as the
present study, with a peak for marker D5S500.18 This peak
is very close to the peak found for Factor I at D5S479,
although eosinophil levels were not included in the present
analysis. Including eosinophil levels did not change our
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results; loadings for eosinophil levels were 0.32 for the
atopy Factor I and 0.10 for the asthma Factor II.

Association studies in this area have been inconsistent
and have not always provided evidence of strong allelic
association. For example, ensuing studies by Rioux et
al56 to identify polymorphisms responsible for the FE
linkage signal were unable to identify any functional
association with sequence polymorphisms within 3 genes
whose products are important players in the development
and proliferation of eosinophils, namely /L3, IL5, and
GMCSF. Association studies have shown that polymor-
phisms in the promoter region of IL4, located on chro-
mosome 5q31-33 near marker D55642, may be associat-
ed with the development of asthma in Japanese children,
although no significant differences were noted in either
total or specific IgE levels.58 Another study found no
clear evidence of allelic association between 11 poly-
morphic markers spanning the 5q31-33 region and the
traits of total serum IgE and bronchial hyperreactivity.>®
In the Children’s Respiratory Study population we have
reported association between a polymorphism® in the
B,-adrenoreceptor and a positive response to bron-
chodilators®! and association of a polymorphism in the 5
flanking region of the CDI4 gene, between markers
D5S658 and D5S436, with circulating soluble CD14 lev-
els and with total serum IgE levels.62 Others have report-
ed a significant association between an allele at the IL9
locus, centromeric to marker D5S393, and total serum
IgE levels.63 We have recently reported 7 polymorphisms
(6 novel) in IL13, telomeric to IL4.64 Four of these are
tightly linked to a variant in the terminal portion of the
coding region of the gene, which is strongly associated
with high total serum IgE levels in 3 populations of chil-
dren. In the present study there were no significant rela-
tions between the atopic or asthmatic profiles considered
in tertiles of the factor score distributions, respectively,
and the polymorphisms in the B,-adrenoceptor, CD14 or
IL13 genes (data not shown), which we have reported on
previously,61.62.64 indicating that these variants are not
responsible for the linkage signal seen with the atopy
phenotype in chromosome 5q31-33.

Clearly, identifying the gene or genes responsible for
the linkage signal with the compound atopy phenotype
may help in elucidating the complex interactions between
atopic status and other airway-related alterations in deter-
mining the asthma phenotype. In addition, studies in other
areas of the genome could provide valuable information
on linkage sites for Factor II, the asthmatic profile, char-
acterized by symptoms and diagnoses that intriguingly
showed little indication of linkage in this area.

‘We thank M. A. Smith, RN, and L. L. De la Ossa, RN, for their
work as study nurses and B. W. Saul, MS, for database management.
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