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Chronic obstructive pulmonary disease (COPD) is a common, complex disease associated with significant
and increasing morbidity and mortality. The cardinal feature of COPD is persistent airflow obstruction,
measured by reductions in quantitative spirometric indices including forced expiratory volume at one second
(FEV1) and the ratio of FEV1 to forced vital capacity (FEV1/FVC). However, many patients have substantial
improvement in spirometric measures with inhaled bronchodilator medications, and bronchodilator
responsiveness (BDR) has been associated with disease severity and progression. To identify susceptibility
loci for BDR phenotypes, we performed a 9 cM genome scan in 72 pedigrees (n¼ 560 members) ascertained
through probands with severe, early-onset COPD. Multipoint variance component linkage analysis was
performed for quantitative phenotypes including BDR measures and post-bronchodilator FEV1 and FEV1/
FVC. Post-bronchodilator FEV1 was linked to multiple regions, most significantly to markers on chromosome
8p (LOD¼ 3.30) and 1q (LOD¼ 2.24). Post-bronchodilator FEV1/FVC was also linked to multiple regions, most
significantly to markers on chromosome 2q (LOD¼ 4.42) and 1q (LOD¼ 2.52). When compared with pre-
bronchodilator spirometric indices, the post-bronchodilator values demonstrated increased evidence of
linkage in multiple genomic regions. In particular, the LOD score for the 8p linkage to FEV1 roughly doubled
from 1.58 to 3.30. Candidate regions on chromosomes 4p (LOD¼ 1.28), 4q (LOD¼ 1.56), and 3q (LOD¼ 1.50)
gave the strongest evidence for linkage to BDR measures. Our results provide evidence for significant
linkage to airflow obstruction susceptibility loci on chromosomes 2q and 8p, and further suggest that post-
bronchodilator spirometric measures are optimal phenotypes for COPD genetic studies. This study has also
identified several genomic regions that could contain loci regulating BDR in early-onset COPD families.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD; MIM 606963),
the fourth leading cause of death in the United States, is
strongly influenced by cigarette smoking (1). Chronic airflow
obstruction, typically assessed by spirometry, is a cardinal
feature of COPD; however, the development of chronic air-
flow obstruction is extremely variable among smokers (2).

Spirometry involves measurements of forced exhalation after
the subject has inhaled to total lung capacity. Individuals with
airflow obstruction have reductions in the ratio of the forced
expiratory volume at one second (FEV1) to forced vital
capacity (FVC); the severity of airflow obstruction is related to
the level of FEV1 in such individuals.
Although COPD is characterized by a component of

irreversible airflow obstruction, many subjects with COPD
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demonstrate substantial improvement in spirometric measures
after receiving inhaled bronchodilator medications (3). In
patients with COPD, symptomatic treatment with inhaled
bronchodilators is the most common form of therapy (4–6), and
the initial degree of reversibility of airflow obstruction
following such therapy has been reported to be related both
to annual decline in lung function (7,8) and to survival (9,10).
Severe alpha 1-antitrypsin (AAT) deficiency (MIM 107400)

is a well-established but uncommon genetic determinant of
COPD (11). General population and twin studies of spirometric
measurements have suggested that factors other than AAT
deficiency may influence genetic susceptibility to COPD (12–
14). Studies in relatives of COPD patients have demonstrated
familial aggregation of spirometric and bronchodilator respon-
siveness phenotypes (15–19).
To identify novel genetic determinants of COPD-related

phenotypes, we enrolled and phenotyped pedigrees ascertained
through single probands with severe, early-onset COPD who
did not have severe AAT deficiency. Previously, we have
demonstrated increased risk to current or ex-smoking first-
degree relatives of early-onset COPD probands for airflow
obstruction, chronic bronchitis and increased bronchodilator
responsiveness (BDR) (19,20). Genome scan linkage analyses
in the same data set identified several chromosomal regions
with suggestive evidence for linkage to qualitative and
quantitative COPD-related phenotypes, and one chromosomal
region (on 2q) with significant evidence of linkage to pre-
bronchodilator FEV1/FVC levels (21,22). We now report the
linkage analysis results of an autosomal genome scan of post-
bronchodilator spirometry and bronchodilator responsiveness
indices in our extended severe, early-onset COPD pedigrees.

RESULTS

Demographics and spirometry in early-onset COPD
families

The characteristics of the study population are presented in
Table 1. Very severe airflow obstruction in the early-onset
COPD probands was noted, with mean post-bronchodilator
FEV1 values of 20.2% predicted (SD¼ 7.8) and mean post-
bronchodilator FEV1/FVC values of 36.4% predicted
(SD¼ 12.3). The risk of developing COPD increases with
age; therefore, it is not unexpected that parents had lower mean
spirometric values than siblings, and that siblings had lower
mean spirometric values than children.

Phenotypic modeling

Variance component analyses using SOLAR suggested that,
after adjustment for all covariates, the narrow-sense heritability
(h2N) of the pre-bronchodilator FEV1 levels was 33.3%
(SE¼ 6.3%), i.e. additive genetic effects (s2

A) contributed one-
third of the total variance. The h2N of the post-bronchodilator
FEV1 levels was 34.9% (SE¼ 5.9%). s2

A was significantly
greater than zero for both the pre- and post-bronchodilator
FEV1 (P< 0.0000001). The variance component modeling
suggested that sex (P< 0.0000001), age (P< 0.0000001),
height (P< 0.0000001), and linear (P< 0.0000001) and

quadratic (P< 0.000001) terms for pack-years of smoking
were highly significant for pre- and post-bronchodilator FEV1.
Race was a significant covariate for post-bronchodilator FEV1

(P< 0.01), but not pre-bronchodilator FEV1 (P¼ 0.07); post-
bronchodilator FEV1 levels were lower in the African-
American subjects included in the study. FEV1 levels were
lower in older subjects and females and decreased with
cumulative tobacco smoke exposure and shorter stature.
The h2N of pre-bronchodilator FEV1/FVC ratio was 29.7%

(SE¼ 5.1%); the h2N of the post-bronchodilator FEV1/FVC
ratio was 28.7% (SE¼ 5.0%). s2

Awas significantly greater than
zero for both the pre- and post-bronchodilator FEV1/FVC ratio
(P< 0.0000001). Age (P< 0.0000001) and linear
(P< 0.0000001) and quadratic (P< 0.000001) terms for
pack-years of smoking were highly significant for both the
pre- and post-bronchodilator FEV1/FVC ratio. FEV1/FVC
levels were lower in older subjects and decreased with
cumulative tobacco smoke exposure.
The h2N of the BDRABS was 26.3% (SE¼ 9.2%); s2

A was
significantly greater than zero (P¼ 0.0002). Age (P¼ 0.03),
height (P¼ 0.05) and race (P¼ 0.002) were significant
covariates for BDRABS; responsiveness increased with
increasing height and decreasing age, and was lower in
African-American subjects. The h2N of the BDRPRED was
24.2% (SE¼ 8.6%); s2

A was significantly greater than zero
(P¼ 0.0002). Race was the only significant covariate for
BDRPRED (P¼ 0.002); responsiveness was lower in the
African-American subjects. The h2N of the BDRBASE was
10.1% (SE¼ 4.8%); s2

A was significantly greater than zero
(P¼ 0.01). Race (P¼ 0.04) and both linear (P¼ 0.0005) and
quadratic (P¼ 0.04) terms for pack-years of smoking
were significant for the BDRBASE. BDRBASE increased
with cumulative tobacco smoke exposure and was lower in
African-Americans.

Genome-wide multipoint variance component linkage
analysis

Genome-widemultipoint variance component linkage results for
post-bronchodilator FEV1 and FEV1/FVC are presented in
Figures 1 and 2 and summarized in Table 2. The multipoint
linkage results for pre-bronchodilator FEV1 and FEV1/FVC,
which have been previously reported for the larger sample of
subjects with pre-bronchodilator spirometry (21), are also shown
at identical chromosomal positions for comparison purposes.
For post-bronchodilator FEV1, multipoint LOD scores above

1.0 were found on seven chromosomes. Significant linkage (23)
was found on chromosome 8p23 (LOD¼ 3.30 at �2 cM from
pter, proximal to marker ATA27A03) (Table 2, Fig. 1). Other
suggestive linkages were found on chromosomes 1p21
(LOD¼ 2.24, 136 cM, flanked by markers GATA124C08 and
GATA133A08), 8q24 (LOD¼ 2.01, 163 cM, flanked by mar-
kers GATA50D10 and UT721) and 19q13 (LOD¼ 1.94, 78 cM,
at marker Mfd232). The major linkages to post-bronchodilator
FEV1 were reflected in the major linkages to pre-bronchodilator
FEV1, although the LOD scores were generally higher using
post-bronchodilator FEV1. The biggest difference between the
pre- and post-bronchodilator FEV1 linkages was for the
chromosome 8p linkage; the LOD score was roughly doubled
(to 3.30) using the post-bronchodilator FEV1.
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For post-bronchodilator FEV1/FVC, multipoint LOD scores
above 1.0 were found on nine chromosomes; the highest LOD
score was 4.42 on chromosome 2q36 (222 cM, flanked by
markers GATA4G12 and GATA23D03; Table 2, Fig. 2).
Other promising linkages were found on chromosomes 1p31
(LOD¼ 2.52, 118 cM, flanked by markers GATA6A05 and
GATA124C08) and 17q21 (LOD¼ 2.44, 67 cM, at marker
ATC6A06). Again, the linkages to the post-bronchodilator
FEV1/FVC were mirrored in the linkages to the pre-
bronchodilator FEV1/FVC. As for FEV1, the LOD scores were
generally lower for the pre-bronchodilator FEV1/FVC. This
difference was most noticeable for the chromosome 1p linkage,
where the LOD score was increased by 0.63 for the post-
bronchodilator FEV1/FVC (Table 2).
Two chromosomal regions demonstrated some evidence for

linkage to both FEV1 and the FEV1/FVC ratio. The broad
chromosome 2q region (two LOD unit support interval between
210 and 245 cM from pter) that demonstrated strong evidence
for linkage to post-bronchodilator FEV1/FVC also had an LOD
score of 1.13 for post-bronchodilator FEV1. The chromosome
19q region also demonstrated some evidence for linkage to
both post-bronchodilator FEV1 and FEV1/FVC. However, in
general, there was little overlap between the linkages to FEV1

and FEV1/FVC.
Genome-wide multipoint variance component linkage results

for the bronchodilator responsiveness phenotypes BDRABS,
BDRPRED and BDRBASE are presented in Figure 3 and
summarized in Table 3. Regions on six chromosomes showed
some evidence of linkage to BDRABS. The most significant
linkages to BDRABSwere on chromosomes 4q31 (LOD¼ 1.56,
146 cM, at marker GATA107) and 3p12 (LOD¼ 1.50, 112 cM,
at marker GATA128C02). The linkages to BDRPRED generally
mirrored those to BDRABS, although with slightly lower LOD
scores (Table 3). For the BDRBASE response phenotype,
chromosomal regions on two chromosomes showed some
evidence of linkage. The most significant linkage was to

the chromosome 4p16 region (adjusted LOD¼ 1.28, 13 cM, at
marker GATA22G05). The chromosome 3q25 (adjusted
LOD¼ 1.07, 170 cM, at marker GATA8F01) region also showed
some evidence for linkage.
While there was close overlap between the linkage results for

the BDRABS and BDRPRED responsiveness phenotypes,
there was little overlap between these measures of responsive-
ness and the linkage results for the BDRBASE phenotype.
Similarly, there was no obvious overlap between linkages found
for the spirometric indices (Table 2) and those found for the
bronchodilator response phenotypes (Table 3).

DISCUSSION

In order to identify genetic factors influencing susceptibility to
COPD, we have studied extended pedigrees of individuals
ascertained through severe, early-onset COPD probands with-
out severe AAT deficiency. Our 9 cM genome-wide linkage
scan is the first reported investigation of human linkage to
bronchodilator responsiveness phenotypes; some evidence of
linkage to several chromosomal areas has been found. A
striking finding of this study is that post-bronchodilator
spirometry appears to provide more powerful phenotypes for
genetic studies of COPD than conventional pre-bronchodilator
spirometry.
The importance of familial determinants in the regulation of

lung function as measured by spirometry is well established.
Consistent with our results, pedigree-based studies of unse-
lected, asthmatic and COPD families have shown significant
evidence for familial aggregation of spirometric indices
(24–29), suggesting that �20–60% of total phenotypic
variance may be accounted for by familial factors. The
heritability of the post-bronchodilator spirometric indices was
similar to the pre-bronchodilator spirometric indices. The
heritability of bronchodilator responsiveness measures has not

Table 1. Characteristics of early-onset COPD genome scan families [Mean (SD)]

Variable Probands Parents Siblings Children Other relatives Spouses
(n¼ 69) (n¼ 45) (n¼ 143) (n¼ 120) (n¼ 153) (n¼ 30)

Age (years) 47.6 (5.4) 72.5 (8.3) 46.8 (8.5) 24.7 (5.8) 54.0 (17.9) 51.8 (6.1)
Pack-years of smoking 39.1 (21.6) 38.6 (39.8) 22.4 (21.1) 4.3 (6.4) 22.2 (24.6) 37.4 (35.0)
Pre-bronchodilator FEV1

(% predicted)
17.2 (6.2) 64.5 (25.5) 80.8 (22.9) 91.2 (11.7) 82.0 (19.2) 85.5 (23.1)

Post-bronchodilator FEV1

(% predicted)
20.2 (7.8) 68.0 (25.1) 84.0 (22.5) 94.5 (11.4) 85.2 (18.1) 88.8 (21.7)

Pre-bronchodilator FEV1/FVC
(% predicted)

37.2 (11.4) 76.7 (18.1) 84.9 (15.3) 92.5 (7.8) 88.8 (11.8) 89.5 (13.3)

Post-bronchodilator FEV1/FVC
(% predicted)

36.4 (12.3) 76.8 (18.3) 87.5 (15.6) 95.5 (6.6) 91.1 (12.0) 91.3 (13.6)

BDRABS (ml)a 87.7 (73.8) 77.8 (112.8) 103.9 (131.2) 127.8 (155.0) 95.6 (129.5) 121.0 (157.9)
BDRPRED (%)b 3.0 (2.5) 3.5 (5.1) 3.2 (4.0) 3.3 (4.2) 3.2 (4.0) 3.4 (4.0)
BDRBASE (%)c 17.1 (13.4) 7.3 (10.7) 5.1 (7.7) 3.9 (5.3) 4.8 (7.3) 5.2 (8.0)

aBDRABS ¼ ðpostbronchodilator FEV1 � prebronchodilator FEV1Þ:

bBDRPRED ¼
(postbronchodilator FEV

1
�prebronchodilator FEV

1
)

predicted prebronchodilator FEV
1

� 100

� �

:

cBDRBASE ¼
(postbronchodilator FEV

1
�prebronchodilator FEV

1
)

prebronchodilator FEV
1

� 100

� �

:
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Figure 1.Multipoint variance component linkage analysis of all 22 autosomes in early-onset COPD pedigrees. Linkage analysis results are presented for post-bronchodilator FEV1, with adjustment for relevant
covariates. Linkage results for pre-bronchodilator FEV1 are also presented for comparison purposes. The x-axis represents genetic distance in cM along each of the 22 autosomes, the y-axis represents the
multipoint variance component LOD score. Markers are arrayed in map order along the top of each plot.
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Figure 2. Multipoint variance component linkage analysis of all 22 autosomes in early-onset COPD pedigrees. Linkage analysis results are presented for post-bronchodilator FEV1/FVC, with adjustment for
relevant covariates. Linkage results for pre-bronchodilator FEV1/FVC are also presented for comparison purposes. The x-axis represents genetic distance in cM along each of the 22 autosomes, the y-axis
represents the multipoint variance component LOD score. Markers are arrayed in map order along the top of each plot.
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previously been reported, and it is of interest that our results
show strong genetic effects underlying these traits.
Smoking is clearly the critical environmental exposure for

COPD (30,31), but precisely why some smokers develop
COPD and others do not is unclear. It has been proposed that
the development of COPD requires both environmental
exposure and heightened sensitivity to the effects of these
exposures (32). BDR is an important component of the COPD
phenotypic spectrum. Previous studies have found that BDR
measures were significantly correlated with baseline lung
function, although the evidence has been somewhat contro-
versial (3,10,33). Along with airway hyperresponsiveness to
inhaled bronchoconstrictors, reversibility of airflow obstruction
in response to administration of a bronchodilating agent is
probably one of the key factors underlying disease progression
and outcome in COPD (7). Increased BDR may be associated
with increased host susceptibility to COPD or with earlier age-
of-onset in susceptible subjects who smoke. Mechanistically,
airway smooth muscle tone may be increased in COPD (34),
and may explain the reversible component of airflow obstruc-
tion in COPD. Regardless of the mechanism, increased BDR
has been shown to be associated with subsequent decline in
pulmonary function (3,8,35,36). Therefore, genetic determi-
nants of BDR probably represent important determinants of
COPD.
There have been no previous linkage studies of BDR

phenotypes. The linkages to BDR phenotypes in our study
were modest and did not reach genome-wide significance (23).
The most significant areas of linkage were on chromosomes
3p12 (BDRABS; LOD¼ 1.50), 4p16 (BDRBASE; adjusted
LOD¼ 1.28), and 4q31 (BDRABS; LOD¼ 1.56). These
modest linkages may reflect the inherent noisiness of the BDR
phenotypes, which exhibit substantial day-to-day variability

(coefficients of variation ranging from 57 to 61%) and poor
reproducibility even in controlled research settings (37,38).
Although these BDR phenotypes were increased in the current
or ex-smoking first-degree relatives of our early-onset COPD
probands (19), they may be less than optimal for genetic
linkage studies which are critically dependent upon accurate
phenotype definition within each individual.
The analysis of post-bronchodilator spirometry gave similar

results to pre-bronchodilator spirometry, although linkages
were generally more significant for the post-bronchodilator
measures. Not surprisingly, the pre-bronchodilator results were
very similar to a previously published whole genome scan for
pre-bronchodilator spirometry (21) in a slightly larger sample
of early-onset COPD families that included all of the subjects
in the current analysis. These results, discussed in detail
elsewhere (21), suggested significant linkage to an airflow
obstruction susceptibility locus on chromosome 2q, which may
reflect one or more genes influencing the development of
airflow obstruction or dysanapsis. The one exception to the
general pattern of modest improvement to linkage evidence for
post- versus pre-bronchodilator spirometry was the linkage to
chromosome 8p23, which roughly doubled and became
significant at a genomewide level (LOD¼ 3.30) (23) when
the post-bronchodilator FEV1 was used. Of interest, the
chromosome 8p linkage signal is located near a cluster of
defensin genes (39)—cytotoxic proteins produced by neutro-
phils that may be involved in host defense and could modulate
lung inflammation in COPD (40).
Our study population was highly selected for COPD and is

clearly different from study populations ascertained on the
basis of asthma or atopy. However, it is of some interest to
consider the potential overlaps between our linkage findings
and those derived from studies of asthma genetics. Multiple

Table 2. Multipoint genome-wide linkage analysis of spirometry with SOLAR: chromosomal regions with LOD scores above 1.0. Pre-bronchodilator linkage
results shown for comparison purposes

Chromosome Phenotype

Post-bronchodilator FEV1
a Pre-bronchodilator

FEV1
b

Post-bronchodilator FEV1/FVC
c Pre-bronchodilator

FEV1/FVC
c

Maximum
LOD score

cM P-valued Maximum
LOD scoree

Maximum
LOD score

cM P-valued Maximum
LOD scoree

1 1.91 14 0.005 1.17 2.52 118 0.001 1.89
1 2.24 136 0.002 1.24 — — — —
2 1.13 252 0.02 1.19 4.42 222 0.00003 4.05
3 1.19 212 0.02 1.00 — — — —
6 1.08 89 0.03 0.80 — — — —
8 3.30 2 0.0002 1.58 1.22 54 0.02 1.29
8 2.01 163 0.004 1.73 — — — —
10 — — — — 1.07 142 0.02 0.93
12 1.33 36 0.02 1.66 — — — —
16 — — — — 1.22 81 0.02 1.30
17 — — — — 2.44 67 0.001 2.35
18 — — — — 1.05 56 0.02 1.39
19 1.94 78 0.004 1.80 1.42 75 0.01 1.67
20 — — — — 1.12 25 0.02 1.05

aModel adjusted for age, sex, height, pack-years, (pack-years)2, race.
bModel adjusted for age, sex, height, pack-years, and (pack-years)2.
cModel adjusted for age, pack-years, (pack-years)2.
dP-values generated empirically by simulation (rounded to nearest decimal place).
eMaximum pre-bronchodilator LOD score within �2 cM of post-bronchodilator position.
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Figure 3. Multipoint variance component linkage analysis of all 22 autosomes in early-onset COPD pedigrees. Linkage analysis results are presented for bronchodilator responsiveness measured as an absolute
change in FEV1 (BDRABS), a relative change from baseline FEV1 as a percentage of baseline FEV1 (BDRBASE), and a relative change from baseline FEV1 as a percentage of predicted FEV1 (BDRPRED); in
each case adjustment for relevant covariates was included. The x-axis represents genetic distance in cM along each of the 22 autosomes, the y-axis represents the multipoint variance component LOD score.
Markers are arrayed in map order along top of each plot.
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genomic regions have been linked to asthma-related pheno-
types in genome scan linkage studies. BDR is also a
characteristic feature of asthma in children and adults, and
inhaled bronchodilator agents (b2-agonists) are the most widely
prescribed drugs in the initial treatment of patients with asthma
(41). Evidence for linkage of asthma-related phenotypes to the
three most promising regions for BDR in this study,
chromosomes 3p, 4p and 4q, have been reported previously
in some asthma genetics studies (42–45). Similarly, the
chromosome 8p region that demonstrated a novel linkage to
post-bronchodilator FEV1 is located in the same general region
as a linkage signal to asthma diagnosis in the Hutterite
population (42) and to specific IgE reactivity to house dust mite
in a British population (46). It remains unclear whether asthma
and COPD share genetic determinants, and elucidation of the
specific genetic determinants of each condition will be required
to resolve this controversy definitively. However, our results are
consistent with at least some shared genetic determinants for
asthma and COPD.
Phenotype definition is a critical issue for genetic investiga-

tions of complex human diseases such as COPD (13). Our
study has important implications for phenotype definition in
future genetic studies of COPD. Spirometric indices assessed
after administration of an inhaled bronchodilator were
associated with increased evidence of linkage compared to
pre-bronchodilator spirometry, suggesting that these measures
may be optimal for genetic studies of COPD. Airflow
obstruction in COPD typically has a reversible and an
irreversible component; post-bronchodilator spirometric values
may allow more focused assessment of the irreversible
component. Thus, post-bronchodilator spirometric values may
provide less heterogeneous phenotypes for the detection of
COPD genetic effects.
The best method of calculating BDR for epidemiological

studies remains unclear, and several measures are in common
use (37,47–49). The most commonly used BDR measure
clinically is the BDRBASE (47). The BDRBASE measure
exhibited only marginal heritability (10.1%) and was markedly
kurtotic; BDRBASE has been previously shown to be most

dependent upon pre-bronchodilator FEV1 and to have a higher
coefficient of variation in COPD patients than the BDRABS or
BDRPRED, which had similar coefficients of variation (37).
The linkages to BDRBASE were markedly different than those
to BDRABS, suggesting that BDRBASE may reflect a different
dimension of BDR than the other measures. Our study has
found that the BDRPRED linkage results mirrored those to
BDRABS, although the BDRPRED results were slightly less
significant (Table 3). Although it is unclear which measure will
ultimately prove more useful for genetic analysis, these results
suggest that the BDRABS and BDRPRED measures, once
appropriately adjusted for important covariates, may be more
useful for genetic studies of COPD than the BDRBASE
measure.
This study has several important limitations. The generali-

zability of linkage results in our severe, early-onset COPD
(primarily Caucasian) families to COPD at later ages or to other
ethnic groups is undetermined. We have included the primary
environmental determinant of COPD, cigarette smoking, as a
covariate in our analyses, but we have not formally tested for
genotype-by-environment interactions. Some subjects were on
chronic bronchodilator medication, and they may have thus had
decreased acute BDR. We used a spacer device in our BDR
testing protocol for bronchodilator administration in order to
reduce variability caused by errors in coordinating inspiration
with actuation and in aiming a metered-dose inhaler; however,
uniformity of actual dose received cannot be guaranteed. These
factors could have contributed to the modest linkage results for
BDR measures. Finally, we have not adjusted for the
multiple phenotypes analyzed, because these bronchodilator
responsiveness phenotypes are all significantly correlated with
each other.
There are likely to be multiple genetic determinants of

COPD, and these linkage analyses have identified multiple
regions of interest across the genome. The analyses of post-
bronchodilator spirometric phenotypes have identified a novel
region of significant linkage (8p) in addition to the linkages
previously identified by analysis of pre-bronchodilator spiro-
metric phenotypes (21). The analysis of BDR measures has

Table 3. Multipoint genome-wide linkage analysis of bronchodilator responsiveness with SOLAR: chromosomal regions with LOD scores above 1.0

Chromosome Phenotype

BDRABS (ml)a BDRPRED (%)b BDRBASE (%)c

Maximum
LOD score

cM P-valued Maximum
LOD score

cM P-valued Maximum
LOD scoree

cM P-valued

2 1.18 159 0.02 — — — — — —
3 1.50 112 0.01 1.36 112 0.01
3 — — — — — — 1.07 170 0.01
4 1.56 146 0.01 1.55 146 0.01
4 — — — — — — 1.28 13 0.01
10 1.22 110 0.01 1.15 109 0.02 — — —
16 1.04 0 0.02 1.03 0 0.02 — — —
22 1.33 2 0.01 — — — — — —

aModel adjusted for age, height, pack-years, (pack-years)2, and race.
bModel adjusted for race.
cModel adjusted for race, pack-years, (pack-years)2.
dP-values generated empirically by simulation (rounded to nearest decimal place).
eLOD scores empirically corrected for kurtosis (�0.815).
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identified several regions of potential linkage on which to focus
fine mapping efforts. Evaluation of the regions of linkage
within our study with additional STR markers will be required,
and replication of our findings in other samples will be
necessary. If novel genetic determinants of COPD can be
identified, important new insights into COPD pathophysiology,
and ultimately treatment, could result.

SUBJECTS AND METHODS

Families

The recruitment and phenotypic assessment of severe early-
onset COPD pedigrees have been described previously (20,50).
Ascertainment criteria for probands with severe early-onset
COPD included: FEV1 	40% predicted, age 	52 years, and
absence of severe AAT deficiency (e.g. PI Z, PI null–null)
(21,22). All available first-degree relatives, older second-degree
relatives (half-sibs, aunts, uncles and grandparents), and 49
additional relatives of the ascertained COPD probands were
invited to participate (21,22). Seventy-two pedigrees with mean
size of 8.1 individuals (range 2–18) were included in the
original genome scan linkage analysis.
A total of 607 individuals were initially typed for a whole

genome scan. Twenty-two subjects were removed due to
pedigree inconsistencies (see below), and a further 25 subjects
(including three probands) did not have both pre- and post-
bronchodilator spirometric data. The genome scan linkage
analyses were thus based on the 560 members of 72 pedigrees
for whom complete data on both pre- and post-bronchodilator
spirometry, and therefore bronchodilator responsiveness phe-
notypes, were available. The study population was predomi-
nantly European-American, but included 10 African-American
subjects.
Participants gave written informed consent and completed a

protocol that included a questionnaire, spirometry before and
after inhaled bronchodilator and phlebotomy. The study
protocol was approved by the Human Research Committees
of Partners Health Care (Brigham and Women’s Hospital and
Massachusetts General Hospital) and the Brockton/West
Roxbury VA Hospital.

Questionnaire

Each participant completed a modified version of the 1978
ATS-DLD Epidemiology Questionnaire as previously
described (20,51).

Pulmonary function tests

Pulmonary function testing in these pedigrees has been
reported previously (20,50). Spirometry was performed with
a Survey Tach Spirometer (Warren E. Collins, Braintree, MA,
USA), in accordance with American Thoracic Society guide-
lines (52). Although the absolute volume measurements were
the primary spirometric phenotypes analyzed, pulmonary
function test results also were expressed as percent of predicted
using predicted equations from Crapo et al. (53) for adult
Caucasian participants. For Caucasian participants under age

18, predicted values for FEV1 were determined from Hsu et al.
(54), and predicted values for FEV1/FVC were determined
from Knudson et al. (55). For African-American participants,
predicted spirometric values were determined from Hankinson
et al. (56). For four subjects with both pre- and post-
bronchodilator spirometry, previously obtained pulmonary
function test results were used; two subjects had undergone
lung volume reduction surgery and two other subjects were
located at great geographic distance. Height was measured in
stocking feet at the time of spirometric testing.

Bronchodilator responsiveness testing

Subjects were asked to avoid bronchodilator medication use for
at least 4 h prior to spirometry, unless respiratory symptoms
required bronchodilator treatment. After the initial spirometry
was performed, subjects were given 180 mg (two puffs) of
albuterol through a metered dose inhaler with a spacer device.
Approximately 15min after albuterol administration, spiro-
metry was repeated.

Genotyping and data management

The NHLBI Mammalian Genotyping Service performed genome
scan genotyping in 607 individuals, using DNA that was extracted
from blood sampleswith PuregeneKits (Gentra Systems) (21,22).
We analyzed 377 autosomal short tandem repeat markers with an
average spacing of 9.1 cM derived from Weber Marker Set 10.
Marker and gene locations were determined using the Human
Genome Working Draft (June 2002 freeze) and SNPper. The
Kosambi mapping function was used for all multipoint analyses.
The estimated genotype completion rate was 98.3%, and the
estimated genotyping error rate was 0.75%.
To assess for Mendelian inconsistencies in our pedigree data,

the RELCHECK program was used to determine pedigree
relationships based on the genome scan marker data (57) as
previously reported (21,22). For the remaining 560 genotyped
individuals, inconsistencies at individual markers were identi-
fied using the PEDCHECK program and resolved (58). Marker
allele frequencies were estimated by maximum likelihood
estimation using the SOLAR program (59).

Linkage analysis

The quantitative phenotypes included in the linkage analysis
were bronchodilator responsiveness and post-bronchodilator
FEV1 and FEV1/FVC levels. Bronchodilator responsiveness to
inhaled b-agonist was measured in three ways: (i) a measure of
absolute change in unadjusted FEV1 (‘BDRABS’), (post-
bronchodilator FEV17 prebronchodilator FEV1) (ml); (ii) a
relative measure of change in percent predicted FEV1

(‘BDRPRED’),

ðpostbronchodilator FEV1

� prebronchodilator FEV1Þ

predicted prebronchodilator FEV1

� 100

2

4

3

5ð%Þ
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and (iii) a relative measure of change in unadjusted FEV1

(‘BDRBASE’),

ðpostbronchodilator FEV1

� prebronchodilator FEV1Þ

prebronchodilator FEV1

� 100

2

4

3

5ð%Þ

Covariate adjustments were performed within the linkage
analysis, as described below, and modeling included the
investigation of polynomial terms for covariates.
Variance component analyses assume multivariate normality.

Variance components estimates are consistent regardless of the
underlying distribution; however, second-order moments (stan-
dard errors) may be biased by non-normality (60). Kurtosis is
the primary determinant of the effect of non-normality on the
likelihood ratio test statistic in a variance component linkage
analysis (61). Blangero et al. (61) indicate that trait distribu-
tions with k< 2 can reasonably be analyzed under an
assumption of multivariate normality. The kurtoses of the
outcomes analyzed were all <2, with the exception of the
BDRBASE (k¼ 5.39). We estimated empirical P-values via
simulation (see below) for all traits analyzed in order to derive
correct test statistics for our linkage analyses. We further
estimated a robust LOD score for BDRBASE by simulating the
empirical distribution of the LOD scores under the assumption
of multivariate normality (61) (the correction constant for the
original BDRBASE LOD scores was 0.815).
Two-point and multipoint linkage analysis of the genome

scan data were performed using a variance component method
as implemented in the SOLAR program (version 1.7.4 running
under Linux Mandrake version 8.0) (59). Using SOLAR,
observed phenotypic variance was partitioned into genetic and
non-genetic components by maximum likelihood methods.
Additive models, without dominance variance, were used in
these analyses. Each model assumed that the distribution of the
response phenotype in a pedigree was multivariate normal, with
a mean that depended upon a particular set of explanatory
covariates. Genotypes were imputed for untyped individuals,
conditional on all other marker data and pedigree structure, and
marker-specific identity-by-descent (IBD) matrices among all
relative pairs were estimated independently for all autosomal
markers. Multipoint IBD matrices were then generated at 1 cM
resolution. Expected genetic covariances among relatives in an
extended family were specified as a function of the fixed effects
of covariates, residual error and random effects reflecting
polygenic factors and an unobserved quantitative trait locus
(QTL) linked to an observed marker locus.
Covariates modeled in the variance component analyses

included: age, age2, sex, age * sex, race, height, height
2, pack-

years, and pack-years2. Covariates that were significant at
P< 0.05 in the polygenic modeling were retained in the linkage
analysis model.
The statistical associations between covariates entered as

fixed effects and the response variable were assessed by
removal of terms from the mean model and calculation of a
likelihood ratio w2 test statistic. The same approach was used as
an approximate guide to the ‘significance’ of a departure of the
value of a variance component from its null value (zero).

The null hypothesis of no linkage at a specific chromosomal
location was tested by comparison of a polygenic model to a
model with variance components for both a QTL and polygenic
factors. Twice the difference in loge likelihood of these two
models gives a test statistic that is asymptotically distributed
as a 1

2
:1
2
mixture of a w

2
1 and a point mass at zero (62). The

difference between these two log10 likelihood values corres-
ponds to an LOD score for linkage.
The single ascertainment scheme was corrected for in the

SOLAR program by conditioning the pedigree likelihood on
the probability of the single proband’s phenotype for each
outcome (63).
Simulations were performed using SOLAR to assess the

statistical significance of the linkage results. Genotypes for a
fully informative unlinked marker were created, and the
evidence for linkage was assessed in 100 000 replicates. The
number of times that a LOD score exceeded a specified threshold
provides an empirical P-value for that LOD score threshold.
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