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Abstract

Severe alpha-1 antitrypsin (AAT) deficiency is a proven ge-
netic risk factor for COPD, but there is marked variation in
the development of COPD among AAT deficient subjects. To
investigate familial aggregation of lung function in subjects
with AAT deficiency, we estimated heritability for forced ex-
piratory volume in 1 s (FEV;) and FEV;/forced vital capacity
(FVC) in 378 AAT deficient subjects from 167 families in the
AAT Genetic Modifiers Study; all subjects were verified ho-
mozygous for the Z AAT deficiency allele. Heritability was
evaluated for models that included and excluded an ascer-
tainment correction, as well as for models that excluded,
included and were stratified by a cigarette smoking covari-
ate. In models without an ascertainment correction, and in
all models without a covariate for smoking, no evidence for
familial aggregation of lung function was observed. In mod-
els conditioned on the index proband with covariates for
smoking, post-bronchodilator FEV,/FVC demonstrated sig-
nificant heritability (0.26 * 0.14, p = 0.03). When we limited

the analysis to subjects with a smoking history, post-bron-
chodilator FEV; demonstrated significant heritability (0.47
+ 0.21, p = 0.02). Severity rate phenotypes were also as-
sessed as potential phenotypes for genetic modifier stud-
ies. Significant heritability was found with all age-of-onset
threshold models that included smoking and ascertain-
ment adjustments. Using the t-distribution, the heritability
estimates ranged from 0.43 to 0.64, depending on the age-
of-onset of FEV; decline used for the severity rate calcula-
tion. Correction for ascertainment and consideration of
gene-by-smoking interactions will be crucial for the identi-
fication of genes that may modify susceptibility for COPD in

families with AAT deficiency. Copyright © 2008 S. Karger AG, Basel

Background

Chronic obstructive pulmonary disease (COPD) is the
fourth leading cause of death in the United States. Alpha-
1 antitrypsin (AAT) deficiency (OMIM 107400), an auto-
somal recessive disorder resulting from a mutation in the
SERPINALI gene, is a recognized genetic cause of COPD.
Affected individuals are at high risk to develop severe
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early-onset COPD, especially in the setting of cigarette
smoking. AAT deficiency is a proven mendelian cause of
COPD, but there is substantial variability in the develop-
ment of disease among individuals homozygous for the Z
allele; this variability is likely influenced by environmen-
tal and other genetic factors.

Spirometric measures of lung function are quantita-
tive phenotypes commonly evaluated in genetic studies
of COPD. Many studies have assessed familial aggrega-
tion of lung function in general population samples and
in cohorts of subjects with COPD, but data on familial
aggregation of lung function have been limited in indi-
viduals with severe AAT deficiency. In the Boston Early-
Onset COPD Study, heritability estimates for FEV; were
0.35 [Silverman et al., 2002], conveying the importance
of a genetic effect on lung function in families susceptible
to severe, early-onset lung disease but without AAT defi-
ciency. In that study, cigarette smoking was a highly sig-
nificant covariate [Silverman et al., 2002], highlighting
the importance of considering gene-by-smoking interac-
tions in heritability estimates and in linkage studies [De-
Meo et al., 2004] of intermediate phenotypes of COPD.

Heritability measures of lung function in AAT defi-
ciency provide insight into the potential contribution of
modifier genes to health and disease. In this study, we
estimated the heritability of lung function measures and
severity rate phenotypes, defined as point estimates of
lung function decline, in 378 AAT deficiency subjects
from 167 families; all individuals were verified to be ho-
mozygous for the alpha-1 antitrypsin deficiency Z muta-
tion (PI ZZ). We hypothesized that airflow obstruction
would demonstrate significant heritability among PI ZZ
individuals, suggesting additional modifying genetic ef-
fects beyond the protease inhibitor (PI) locus.

Methods

Cohort and Phenotype Definition

The AAT Genetic Modifiers Study is a multi-center collabora-
tive project designed to investigate the genetic epidemiology of
lung disease in individuals homozygous for the Z alpha-1 anti-
trypsin deficiency allele. The study protocol was reviewed by the
Institutional Review Boards at each center. Three hundred and
seventy eight P1 ZZ subjects at least 30 years of age in 167 families
were enrolled, and they completed questionnaires, spirometry
and blood sample collection as previously described [Demeo et
al., 2007b]. Pack-years of cigarette smoking were calculated by
multiplying the number of years smoked by the average number
of daily cigarettes smoked, divided by 20. All AAT PI ZZ pheno-
types for these 378 individuals were confirmed, as previously de-
scribed [Demeo et al., 2007b].
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Spirometric measures were obtained using a standardized
protocol with the Jaeger Masterscope PC Spirometer system (Jae-
ger, Hoechberg, Germany). Sixteen subjects had already under-
gone lung transplantation and/or lung volume reduction surgery
at the time of the interview; for these individuals we obtained spi-
rometry results that antedated the surgical procedure. For all in-
dividuals, the age used in analyses was the age at spirometry test-
ing. Pre- and post-bronchodilator study spirometry was per-
formed according to American Thoracic Society standards [1995].
Percent predicted values for FEV, were calculated using equations
of Crapo et al. [1981] for Caucasian subjects.

PIZZ individuals often have accelerated decline in pulmonary
function [Seersholm et al., 1995], which is not adequately cap-
tured by percent predicted values from the general population.
Thus, a 30 year old PI ZZ individual with FEV; 90% of predicted
may carry modifier genes for a severe disease course but is not old
enough to express the disease trait. On the other hand, an 80 year
old PI ZZ individual with FEV, 52% of predicted may carry pro-
tective modifier genes which allowed him to survive to an ad-
vanced age with only moderate airflow obstruction. In an attempt
to capture these age-of-onset effects in the absence of longitudinal
data in our dataset, severity rate phenotypes, calculated as point
estimates of the rate of lung function decline for this cross-sec-
tional study, were created using the following formula: (Maxi-
mum FEV; % predicted - Current FEV, % predicted)/(Current
age — Age threshold for the Initiation of FEV, decline). The max-
imum FEV, % predicted is not known for each individual; in or-
der to include only positive values, the maximum observed FEV,
% predicted in our cohort (140% predicted) was used in the nu-
merator for all subjects. The age of initiation of FEV, decline is
also unknown in this cohort, but Piitulainen and colleagues have
demonstrated that PI Z individuals typically have normal FEV,
values at least until age 30 [Bernspang et al., 2007]. Thus, we se-
lected ages 20, 25, and 30 as age thresholds for the initiation of
FEV, decline. For example, for the 20 year old threshold, the se-
verity rate phenotype was calculated as: (140 - post-bronchodila-
tor FEV, % predicted)/(Current age - 20).

Ascertainment Scheme

The ascertainment of sibling pairs was based on confirmation
ofhomozygosity for the Z allele at the SERPINA1I locus. The index
case was designated as the first person diagnosed in the family
with AAT deficiency regardless of the presence of lung or liver
disease. Index cases were not included for 27 families due to death
or non-participation of that individual.

Statistical Analysis

General statistical computations were performed using the
SAS package (SAS Statistical Institute, Cary, N.C., USA) running
on a SUN server in a UNIX environment. Means and standard
deviations were calculated for normally distributed variables,
with medians and inter-quartile ranges calculated for non-nor-
mally distributed variables. Narrow sense heritability estimates
(h?) were calculated for raw spirometry outcomes using a vari-
ance component approach as implemented in the Sequential Oli-
gogenic Linkage Analysis Routines (SOLAR) program [Almasy
and Blangero, 1998]. Narrow sense heritability (calculated as the
ratio of the phenotypic variance due to the additive genetic effect
divided by the total trait phenotypic variance) was estimated for
models that included and excluded an ascertainment correction
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Table 1. General demographics of 378 PI ZZ individuals

Index Non-index Index smokers Non-index
only smokers only
n 140 238 105 128
Sex, F/M 73/67 132/106 54/51 65/63
Ever-smoker® 105 (75%) 128 (54%) - -
On augmentation® 105 (76%) 73 (31%) 88 (84%) 60 (47%)
Age, SD 52.9+95 51.7%+9.8 50.9*8.1 50.2 (8.4)
Range 355-74.1 33.3—-79.8 355-73.1 349-70.8
Pre-bronchodilator FEV, % predicted, SD* 46.0*x28.1 7231327 39.7£255 60.8+34.2
Range 8.2—116.9 8.9—1334 8.2—1169 8.9—-1334
Post-bronchodilator FEV; % predicted, SD* 49.0+£28.5 75.4+32.3 42.7%259 63.8+£33.6
Range 10.7—120.2 12.2—-139.6 10.7 —120.0 12.2—-135.6
FEV,/FVC, SD?* 0.43%0.17 0.60£0.19 0.40£0.15 0.53%£0.19
Range 0.17—-0.91 0.17—1.00 0.17—=0.91 0.17—1.00
Post-bronchodilator FEV,;/FVC, SD* 0.44+0.17 0.61+0.20 0.40+0.15 0.54+0.20
Range 0.17—10.86 0.18—0.92 0.17—0.86 0.18—10.90
Pack—yearsb 15.4 (16.5) 8.8 (12.4) 20.6 (16.1) 16.3 (12.9)
Range 0—80.5 0—62 0.3—80.5 0.2—62

For both the comparisons of index versus non-index subjects and index smokers-only versus non-index smokers only p < 0.0001

for the indicated phenotypes.

®For index versus non-index p = 0.02 and for index smokers-only versus non-index smokers only p = 0.03.

for the index proband, as well as for models that excluded, in-
cluded and were stratified by a smoking covariate. With regard to
cigarette smoking, three models were considered: (1) a model ex-
cluding any covariates for cigarette smoking; (2) a model with
covariates for pack-years of cigarettes and (pack-years)?, and (3) a
smokers-only model with the inclusion of pack-years and (pack-
years)? of cigarette smoking as covariates. Other covariates in all
of the models for spirometric phenotypes included age, sex and
height. The heritability of the severity rate phenotypes were cal-
culated with adjustment for the effects of smoking (pack-years of
cigarettes and (pack-years)?) and sex, and included an ascertain-
ment correction for the index proband.

Results

Study Population

General demographics of the 378 PI ZZ individuals
are presented parsed by index case status (table 1). These
378 subjects represent 167 families, with 372 PI ZZ sib-
lings, 3 PI ZZ adult children in families included in the
study through a sibling pair, and 1 PI ZZ uncle of PI ZZ
siblings. The number of subjects reporting a history of
cigarette smoking was higher amongst the index pro-
bands (75 versus 54%, p < 0.0001). Forty-eight percent of
the overall cohort reported a history of ever receiving al-
pha-1 antitrypsin augmentation therapy. Although the
mean pre- and post-bronchodilator FEV; values were
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lower in index probands compared to the non-index sub-
jects (46.0% predicted *£28.1 versus 72.3% predicted
+32.7, p <0.0001 for pre-bronchodilator, 49.0% predict-
ed £28.5 versus 75.4% predicted *32.3, p < 0.0001 for
post-bronchodilator), the ranges for spirometric values
were similar (table 1). Although index cases had higher
mean pack-years of smoking, there were too few current
smokers in the overall cohort (13 total, 1 index, 12 non-
index cases) to model the effects of current smoking in
our heritability models. More detailed demographic dif-
ferences between index and non-index subjects in this
cohort have been published previously [Demeo et al.,
2007b].

To assess whether the spirometric measures of the in-
dex probands were predictive of the spirometric mea-
sures of ZZ relatives if no adjustments for cigarette smok-
ing were included, we plotted data for the index proband
versus relative values for both post-bronchodilator FEV,
percent predicted and post-bronchodilator FEV/FVC
(fig. 1). There was no overall trend for a proband’s spiro-
metric values to predict a relative’s value without covari-
ate adjustment.

Heritability of Spirometric Measures
We subsequently calculated heritability estimates for
spirometric measures using variance component models

DeMeo et al.
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Fig. 1. These figures present a comparison of proband and relative
post-bronchodilator FEV; (a) and FEV/FVC (b). Each relative
pair is represented on the figure as a point. The designation of
‘Concordant’ means that the relative pair shares the same smok-
ing history (either both with a history of cigarette smoking or both

that incorporated an ascertainment correction for the in-
dex proband as well as covariates for smoking and sex.
An index proband was not designated for 27 families.
Models that included an ascertainment correction but
excluded smoking covariates revealed heritability esti-
mates of zero for spirometric measures (table 2), consis-
tent with the observed lack of correlation between pro-
band and relative airflow obstruction phenotypes. Mod-
els that included the pack-years of smoking covariate as
well as ascertainment correction resulted in a significant
heritability for both pre- and post-bronchodilator FEV,/
FVC (table 2), while models that included smokers only
demonstrated significant heritability estimates for pre-
and post-bronchodilator FEV, but not for the FEV,/FVC
ratio. Post-bronchodilator FEV; in the smokers-only
model with ascertainment correction demonstrated the
highest overall heritability (0.47 = 0.21, p = 0.02).

We subsequently examined familial aggregation for
spirometric measures using variance component models
that did not include an ascertainment correction (table 2).
In models that did not include any smoking covariates,
the heritability for both FEV; and FEV,/FVC was 0. Al-
though the addition of pack-years of smoking to the mod-

Lung Function Heritability in AAT
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without a history of cigarette smoking). The designation of ‘Dis-
cordant’ means that only one subject in the proband-relative pair
reported a history of cigarette smoking. Unadjusted for other co-
variates, the proband FEV; and FEV,/FVC are not predictive of
the relative’s values.

els increased the heritability estimates, in the absence of
an ascertainment correction, these estimates were not
statistically significant for either the overall model with
pack-years or the smokers-only models. The inclusion of
augmentation therapy in the models did not impact her-
itability estimates, so this covariate was not included in
final models.

Heritability of Point Estimates of FEV| Decline

Since PI ZZ subjects often have early-onset COPD and
reduced survival, limiting phenotypic assessment to stan-
dard measures of airflow obstruction may impair the de-
tection of genetic modifier effects. Therefore, we ana-
lyzed severity rate phenotypes using ages 20, 25, and 30
as the ages-of-onset of FEV, decline. Heritability esti-
mates were calculated with covariates for pack-years of
smoking, pack-years?, and sex (table 3). Because these se-
verity rate phenotypes had elevated kurtosis values (1.3
for 20 year threshold, 2.8 for 25 year threshold, and 7.4
for 30 year threshold after covariate adjustment), herita-
bility estimates for these phenotypes were also calculated
under the t distribution, which is less sensitive to the ef-
fects of kurtosis. Significant heritability values were ob-
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Table 2. Narrow sense heritability estimates for 378 PI ZZ subjects including and excluding ascertainment correction and smoking

covariates
Ascertainment ~ Smoking FEV1 FEV1 FEV1/EVC FEV1/FVC
correction covariates (pre-bronchodilator) (post-bronchodilator)  (pre-bronchodilator)  (post-bronchodilator)
heritability (p) heritability (p) heritability (p) heritability (p)
None none® 0(0.50) 0 (0.50) 0(0.50) 0(0.50)
yesb 0.12%0.14 (0.20) 0.13%0.16 (0.19) 0.22%0.14 (0.05) 0.13%0.15 (0.20)
smokers only?  0.22+0.18 (0.11) 0.23+0.22 (0.15) 0.16+0.18 (0.18) 0 (0.50)
Index case none® 0 (0.50) 0 (0.50) 0.06+£0.13 (0.32) 0 (0.50)
yes® 0.17£0.15 (0.13) 0.19+0.16 (0.11) 0.32%0.13 (0.008) 0.26+0.14 (0.03)

smokers only®

0.38£0.19 (0.03)

0.47£0.21 (0.02)

0.24£0.19 (0.10)

0.11£0.22 (0.32)

4 Covariates include age, age?, height, height?, sex.

b Covariates include age, age?, height, height?, sex, pack-years, pack-years?.

Table 3. Heritability estimates for rate phenotypes for 378 PI ZZ individuals

Median Normal distribution t distribution
. 1
(interquartile range) heritability® p value heritability® p value
Rate using age of onset as age 20 2.40 (1.95) 0.55+0.14 3.1 x 107 0.43+0.14 1.0 x 107*
Rate using age of onset as age 25 3.84 (2.44) 0.71%+0.13 1.0 x 1077 0.52%0.14 8.3 x 107
Rate using age of onset as age 30 3.49 (3.40) 0.94+0.13 1.0 x 1071 0.64+0.16 9 x 107°

4 Covariates include pack-years, pack-years?, and sex.

served for all three severity rate phenotypes. Although
heritability estimates were attenuated for all of the age
thresholds under the t distribution, the findings of high
heritability remained robust (table 3).

Discussion

Severe alpha-1 antitrypsin deficiency is a proven ge-
netic cause of COPD; individuals homozygous for the Z
deficiency allele are clearly at increased risk for the devel-
opment of severe, early-onset COPD [Larsson, 1978].
However, the etiology of the variable progression in lung
function decline among PI ZZ subjects is poorly under-
stood. Variability for the presence of low spirometric
measures of lung function, even after controlling for
smoking, has been observed in our current cohort [De-
meo et al., 2007b], which echoes prior findings amongst
other cohorts of PI ZZ individuals [Silverman et al., 1989].
Genetic modeling performed by Silverman and col-
leagues [Silverman et al., 1990] and our current data sup-
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port a role for modifier genes in this classic mendelian
disease, and suggest that genetic influences on lung func-
tion measures are substantial, beyond the effect of the PI
locus. In a candidate gene study, we found evidence for
association of ILI0 variants with airflow obstruction in
PI ZZ subjects [Demeo et al., 2007a], but positional can-
didates from linkage studies have yet to be identified.

Our study represents the largest reported family-based
assessment of aggregation of lung function phenotypes in
PI ZZ subjects. Although we detected familial aggrega-
tion of spirometric measures of COPD, the heritability
was most robust for measures of FEV, in a smokers-only
analysis. As FEV] is an important phenotype for COPD
severity, this observation, together with the observation
that heritability measure approached zero in a model that
excluded smoking, bespeaks the relevance of gene-by-
smoking interactions in the pathogenesis and severity of
COPD in PI ZZ subjects.

Many past studies of FEV; and FEV,/FVC have sug-
gested that genetic influences are important determi-
nants of spirometric measures in the general population.

DeMeo et al.



General population estimates for the heritability of spi-
rometric measures have generally fallen between the ex-
treme measures observed in twin studies. Heritability es-
timates of FEV, in twin studies have varied from 0 (in
non-smoking twins) [Ghio et al., 1989] to 0.77 [Hubert et
al., 1982]; with general population estimates for FEV,
generally between 0.26 [Chen et al., 1996] and 0.52 [Wilk
et al., 2000]. Our expectation was that familial aggrega-
tion of spirometric measures in homozygous PI ZZ indi-
viduals would consistently approach the higher end of
heritability in the general population due to the increased
susceptibility for lower lung function and COPD. How-
ever, we observed heritability measures of 0 in models
without smoking covariates and marginal to non-signif-
icant measures without the inclusion of an ascertainment
correction.

The importance of the careful inclusion of smoking as
an environmental influence has been demonstrated in
two general population-based studies of familial aggre-
gation of lung function decline. In the Tucson Epidemio-
logical Study of Airway Obstructive Diseases, an evalua-
tion of longitudinal lung function measures from 5 to 20
years noted a high correlation for FEV, decline in smok-
ing concordant siblings (r = 0.483, p < 0.01), while there
was no significant correlation between smoking discor-
dant sibling pairs (r = 0.031, p > 0.05). They concluded
that this observation may be secondary to ‘genetic sus-
ceptibility to an accelerated rate of decline associated
with smoking’, resulting in increased FEV correlation in
smoking concordant siblings and a decreased correlation
amongst smoking discordant siblings [Kurzius-Spencer
etal., 2001]. In the Framingham Heart Study, an increase
in heritability of longitudinal decline in FEV, was ob-
served among smoking-concordant subjects, with herita-
bility of 0.05 for models that included all subjects com-
pared to a heritability of 0.18 in models limited to family
members concordant for smoking status [Gottlieb et al.,
2001]. In the setting of AAT deficiency, Silverman and
colleagues used segregation analysis to provide evidence
for an additional major gene influencing FEV; beyond
the PI locus. After removing the effect of pack-years of
smoking, evidence for a major gene effect was not ob-
served; this was consistent with the role of a putative gene
enhancing the effect of cigarette smoking [Silverman et
al., 1990].

In alinkage study in families ascertained on the basis
of a proband with severe, early-onset COPD but without
AAT deficiency, the inclusion of pack-years of smoking
in heritability and linkage models for the whole cohort
was used to evaluate the main effect of smoking on the

Lung Function Heritability in AAT
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phenotype, while a smokers-only analysis was used to
address the potential influence of gene by smoking inter-
actions. In this Boston Early-Onset COPD study, using a
smokers-only approach resulted in LOD scores greater
than 2 for linkage of spirometric measures of lung func-
tion with chromosomes 2, 12, 16, 20 and 22, suggesting
the relevance of gene-by-smoking interactions [DeMeo
et al., 2004]. These data from cohorts susceptible to ear-
ly-onset COPD, together with the observations in gen-
eral population cohorts, reinforce the findings in our
current study that polygenic effects on spirometric mea-
sures in AAT deficiency will likely act through gene-by-
smoking interactions. The ratio of FEV/FVC is used to
determine the presence of COPD, while FEV] is the spi-
rometric measure used to gauge the severity of COPD. In
our analysis we observed significant heritability for
FEV,/FVC in the models that included pack-years of cig-
arettes smoked but not for the smokers-only model; con-
versely for FEV, we observed no significant heritability
in models that considered the main effect of smoking,
but we did observe significance of the smokers-only
model. One explanation for the model dependence of the
statistical significance for the heritabilities for FEV; and
FEV,/FVC is that the heritability for susceptibility to
COPD (as measured by FEV,/FVC) is captured by the
inclusion of the main effect of smoking, whereas the her-
itability for the severity of COPD as captured by the FEV,
is better predicted by gene-by-smoking interactions. Al-
though another explanation is that our findings repre-
sent false positives, given prior literature supporting the
significant heritability of spirometric parameters in the
general population and in COPD cohorts, we suspect
that this is less likely. Demonstrating the model depen-
dence for the heritability estimates suggests the impor-
tance of modeling both the main effect of cigarette smok-
ing and gene-by-smoking interactions in future linkage
analyses of AAT deficiency.

Ascertainment bias may either inflate or diminish
heritability estimates. In studies of AAT deficiency, as-
certainment may be on the basis of lung disease, liver
disease, or population screening, each of which may be
influenced by different genetic modifiers or gene-by-en-
vironment interactions. In our current study, having lung
disease was not an inclusion criterion and ascertainment
was on the basis of homozygosity for the Z allele at the PI
locus. This uniform ascertainment scheme was used in
an attempt to eliminate effects on heritability due to het-
erogeneity at the PIlocus, and is a unique and important
feature of our study. To minimize residual ascertainment
bias, we used the person first diagnosed in the family (the
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index case) in our ascertainment correction in the vari-
ance component models. We observed no significant ev-
idence for heritability of FEV; or FEV,/FVC without the
ascertainment correction regardless of covariate inclu-
sion (except a marginal trend for pre-bronchodilator
FEV,/FVC in a model that included smoking). Our re-
sults indicate that ignoring this ascertainment effect lim-
its the detection of genetic modifier influences. This crit-
ical role for the ascertainment correction was also ob-
served in a linkage study of 28 AAT deficient families.
Using the protease inhibitor type as a genetic marker, Sil-
verman and colleagues [2001] demonstrated no evidence
of linkage for FEV, and FEV/FVC with the PI locus in
models that excluded an ascertainment correction; evi-
dence for linkage increased with the inclusion of the ap-
propriate ascertainment correction.

Consideration of additional phenotypes may be re-
quired to identify genetic modifiers of AAT deficiency.
We have found that severity rate phenotypes, despite the
obvious limitations of including only one time point in
the estimation, did provide significant evidence for heri-
tability. The magnitude of the heritability estimates of the
severity rate phenotypes increased as the age-of-onset of
FEV, decline parameter was increased from 20 to 25 to
30 years of age. One possible explanation is that these
findings relate to kurtosis, since the kurtosis increased as
the age-of-onset of decline parameter increased. How-
ever, these differences remained robust with heritability
estimation under the t distribution, making this explana-
tion less likely. A biologically relevant explanation for
these findings is that the severity rate phenotype values
for young subjects with severe reductions in FEV, are am-
plified using a higher age-of-onset threshold; such indi-
viduals may be more likely to carry deleterious modifier
genes—potentially leading to higher heritability estimates
in this study population. These severity rate phenotypes
may capture age-of-onset effects relevant to susceptibil-
ity to accelerated decline in lung function and to the de-
velopment COPD, suggesting that age-of-onset for lower
lung function and potentially lung function decline may
be under genetic control in individuals with AAT defi-
ciency. Thus, these severity rate phenotypes should be
considered in future AAT genetic modifier studies. Fu-
ture studies might also benefit from consideration of CT
imaging phenotypes, which may capture heritable fea-
tures of early-onset lung disease (such as emphysema)
that are inadequately measured by spirometry.

Although the subjects included in this study demon-
strate a wide range of lung function measures for the in-
dex and non-index cases, our study may be biased in that
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individuals needed to have at least one living PI ZZ sib-
ling to be included in the study. By dint of these inclusion
criteria, families with the most severe disease (and thus
potentially modifier genes predictive of a more severe
disease course) may not have more than one surviving PI
77 individual and thus would not be included in this
study. This may have led to an underestimate of the heri-
tability of lung function measures, as many of the fami-
lies included in our study have index proband-siblings
pairs with highly discordant spirometric measures. Al-
though variation in measurement of spirometric pheno-
types is always an important concern, the same spirom-
etry equipment and testing techniques were utilized at all
centers for all subjects, as previously described [Demeo et
al., 2007b]. Beyond personal reports of pack-years of
smoking and smoking status, we did not assess any other
potentially shared household/environmental effects, es-
pecially passive smoke exposure, which may contribute
to lung function; as well, we do not have longitudinal spi-
rometric measures. Lastly, we did not include the use of
AAT augmentation therapy in our final variance compo-
nent models, as regression modeling suggested a negative
effect on lung function (data not shown), which likely
represented confounding by indication.

Many studies have demonstrated the important role
for genetic contributions to spirometric measures of lung
function in healthy individuals. A high heritability for
FEV| has also been demonstrated in cystic fibrosis [Vans-
coy et al.,, 2007], like AAT deficiency a monogenic auto-
somal recessive disorder. The cumulative evidence in in-
dividuals at risk for COPD suggests not only a heritable
component to lung function, but also the importance of
gene-by-smoking interactions in the investigation of
variable expression of lung function deficits and suscep-
tibility to COPD. Modifier genes probably explain some
of the variable manifestations of lung disease in those
with AAT deficiency, but their identification will be chal-
lenging. To date, no large linkage studies have been re-
ported to identify key genomic regions likely harboring
susceptibility genes for AAT deficiency. Careful model-
ing of gene-by-smoking interactions in linkage models
will be a crucial next step for identifying additional genes
associated with early-onset COPD in AAT deficiency.
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