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Abstract

Rationale—Traditional genome-wide association studies (GWAS) of large cohort of subjects
with chronic obstructive pulmonary disease (COPD) have successfully identified novel candidate
genes, but several other plausible loci do not meet strict criteria for genome-wide significance
after correction for multiple testing.

Objectives—We hypothesize that by applying unbiased weights derived from unique
populations we can identify additional COPD susceptibility loci.

Methods—We performed a homozygosity haplotype analysis on a group of subjects with and
without COPD to identify regions of conserved homozygosity (RCHH). Weights were constructed
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based on the frequency of these RCHH in case vs. controls, and used to adjust the P values from a
large collaborative GWAS of COPD.

Results—We identified 2,318 regions of conserved homozygosity, of which 576 were
significantly (P < .05) overrepresented in cases. After applying the weights constructed from these
regions to a collaborative GWAS of COPD, we identified two single nucleotide polymorphisms in
a novel gene (FGF7)that gained genome-wide significance by the false discovery rate method. In
a follow-up analysis, both SNPs (rs12591300 and rs4480740) were significantly associated with
COPD in an independent population (combined P values of 7.9E-07 and 2.8E-06 respectively). In
another independent population, increased lung tissue FGF7 expression was associated with worse
measures of lung function.

Conclusion—Weights constructed from a homozygosity haplotype analysis of an isolated
population successfully identify novel genetic associations from a GWAS on a separate
population. This method can be used to identify promising candidate genes that fail to meet strict
correction for multiple testing.

INTRODUCTION

Traditional genome-wide association studies (GWAS) have identified novel susceptibility
loci for complex diseases such as chronic obstructive pulmonary disease (COPD) 1-3,
Because the effect size of most common disease-susceptibility variants is modest, GWAS of
complex diseases require large sample sizes to achieve statistically significant results after
correction for multiple testing. Weighting the results of GWAS according to prior
information (e.g., from linkage studies) may significantly improve power to detect
associations that do not meet genome-wide significance 4.

Homozygosity mapping is a promising technique to identifying regions of the genome that
are more likely to contain disease susceptibility loci. Although initially developed to identify
rare susceptibility mutations for monogenic traits in families °, homozygosity mapping has
recently been successfully applied to the study of complex diseases 87. While techniques
vary, the concept underlying all homozygosity haplotype methods is that regions of
homozygosity are more likely to contain disease-susceptibility loci in affected subjects than
in unaffected individuals®.

Using high-density SNP arrays, Miyazawa et. al. developed a novel variation on
homozygosity mapping that tests whether multiple subjects share the same genotype among
homozygous SNPs, and then constructs a region of conserved homozygosity haplotype that
reflects the transmission of the haplotype from a founder population. In theoretical
simulations, this method was shown to be a viable method to detect disease-susceptibility
loci in recently admixed populations °. We hypothesized that application of this method to a
genetic isolate in Costa Rica would result in detection of an over-representation of regions
of conserved homozygosity in subjects affected with COPD compared with unaffected
subjects. In this report, we first identify regions of conserved homozygosity in Costa Ricans
and then show that weights derived from these regions can be applied to GWAS in non-
isolated populations to identify novel disease-susceptibility loci for COPD. Using this
approach we identify a novel COPD candidate gene (FGF7).

MATERIALS and METHODS

Study Population

The primary study population consisted of 58 subjects with (cases) and 57 subjects without
(controls) COPD in the Genetic Epidemiology of COPD in Costa Rica (GECCOR) study.
Cases were recruited from patients attending four adult hospitals in San JosE (Costa Rica)
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and their affiliated clinics, and through newspaper ads. Control subjects were recruited from
individuals attending a smoking-cessation clinic at the Institute for Pharmaco-dependency in
San JosE, and through newspaper ads. To ensure their descent from the founder population
of the Central Valley of Costa Rica (which is predominantly of Spanish and Native
American ancestry), all participants were required to have at least six great-grandparents
born in the Central Valley. Additional inclusion criteria for cases were ages 21 to 71 years,
physician-diagnosed COPD, > 10 pack-years of cigarette smoking, and an FEV1 < 65%
predicted and an FEV1/FVC ratio of < 70% after bronchodilator administration (180 mcg of
albuterol by metered dose inhaler). Controls were recruited on the basis of the same criteria
for age and smoking history, but they had to have no physician-diagnosed COPD and
normal spirometry. Exclusion criteria for cases and controls included history of chronic pre-
existing chronic lung disease (e.g., bronchiectasis) and severe alpha-1-antitrypsin deficiency
(for cases), based on molecular phenotyping. The baseline characteristics of this cohort are
in supplementary table 2.

Written consent was obtained from participating subjects. The study was approved by the
Institutional Review Boards of the Hospital Nacional de NiOos (San JosE, Costa Rica),
Partners Healthcare Sustem (Boston, MA), and participating NETT, ECLIPSE and Norway
centers.

Genotyping of Costa Rican cohort

High-density SNP genotyping was performed using the Illumina Quad 610 platform at the
Channing Laboratory, Boston, MA. Cases and controls were randomly distributed among
batches, and each batch contained a replicate sample. All subjects had a SNP call rate >
95%. After quality control measures (see supplementary table 1 in the Online Supplement),
a total of 558,929 SNPs were acceptable for analysis.

Collaborative COPD Cohorts for Primary GWAS

Three populations with a total of 2,940 cases and 1,380 controls were used for the primary
GWAS: (i) subjects in a case-control study of COPD in Norway (838 cases and 791
controls)3, (ii) subjects in the National Emphysema Treatment Trial (NETT, 366 cases) and
the Normative Aging Study (NAS, 414 controls) 1911 and (iii) 1,736 cases and 175 controls
from the multicenter Evaluation of COPD Longitudinally to Identify Predictive Surrogate
Endpoints (ECLIPSE) Study 12. All controls were current or former smokers with normal
spirometry, and all cases with COPD had moderate to very severe disease according to the
Global Initiative for Chronic Obstructive Lung Disease (GOLD) classification 13,

Lovelace Smokers Cohort

The top SNPs in novel genes were replicated in a cohort of 1,845 smoking adults in New
Mexico, 424 (23%) of whom were classified with COPD based on FEV1/FVC ratio below
the 5th percentile of the predicted value, also referred to as the lower limit of normal

(LLN) 4, Of the 1,845 participants, 1,411 (77%) were white and 313 (17%) were Hispanic.
The protocols for subject recruitment and data collection for the Lovelace Smokers Cohort
has been previously described in detail.1> The two SNPs (rs12591300 and rs4480740) were
genotyped by allelic discrimination using Tagman assay (Applied Biosystems, Foster City,
CA). The case-control association analysis was first performed in all subjects, and then
separately in whites and Hispanics. All analyses were adjusted for age, gender, and pack-
years of cigarette smoking; the analysis of all subjects was additionally adjusted for self-
declared ethnicity.
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Gene Expression Analysis

For the top novel candidate genes, we examined the correlation of gene expression in lung
tissue with COPD intermediate phenotypes (FEV1 and FEV1/FVC ratio) in a previously
published COPD biomarker discovery study 16. This cohort consists of 56 subjects with
varying degrees of obstruction who underwent lung resection for a solitary pulmonary
nodule. RNA expression profiling was completed using the Affymetrix U133 Plus 2.0 array,
as previously described 16, Expression correlation with quantitative phenotypes was
conducted as previously described 16,

Statistical Analysis

Construction of RCHH—Regions of conserved homozygosity haplotype (RCHHSs) were
identified using the method described by Miyazawa et. al ®. In brief, for any given individual
all heterozygous SNPs were ignored and the SNP location was scored with the value of the
allele for that subject. Subjects are compared only across SNPs that are scored. RCHH are
defined by runs of SNPs that share the same allele at the homozygous locations across
multiple subjects, ignoring heterozygous SNPs. The size of the shared segments between
any two individuals was set at 3.0 cM (roughly and approximately 3 million base pairs),
which in theoretical work conducted by Miyazawa et. al.? reduced the false positive and
false negative rates of discovery. A theoretical ancestral segment is then constructed from
the largest subgroup of subjects sharing a particular RCHH (see Supplementary Figure 1).
While any two subjects must have at least 3.0 cM of sharing, the size may be much smaller
when comparing across multiple subjects (Supplementary figure 2). If more than one
ancestral region is identified at a particular chromosomal location, the region shared by the
most number of subjects is used (Supplementary figure 3). The total number of cases and
controls sharing this ancestral allele is used to calculate a P value based on a standard
normal distribution.

For the primary analysis of the Collaborative COPD cohort, logistic regression analysis was
performed under an additive genetic model for each SNP, adjusting for age, pack-years of
smoking, and the first 16 principal components (to adjust for population stratification). The
P values from all RCHH identified in Costa Rica were then used to construct a cumulative
weight for each SNP from the recent GWAS of COPD in the combined cohort of Norway,
ECLIPSE, and NETT-NAS using the method developed by Roeder et. al.* Briefly, the
weighting method utilizes prior information (in this case the P value representing the degree
of overrepresentation of a region of the genome in cases vs. controls) to upweight or
downweight P values from an association study (in this case the GWAS of COPD in the
collaborative cohort). In order to maintain an overall alpha level of 0.05, the assigned
weights across the genome average to 1. For this study, SNPs that did not fall inside of an
RCHH (and therefore did not have a P value) were assigned a P value of 1 (and therefore a
weight approaching zero). This is a more conservative approach than excluding these SNPs
from consideration. The method then calculates a false-discovery rate (FDR) using the
method described by Benjamini and Hochberg!’ to correct for multiple testing.

The RCHH were created and compared with HHAnalysis (available at
http://www.hhanalysis.com). Association analysis was performed using PLINK v.1.07
(http://pngu.mgh.harvard.edu/purcell/plink). The weighting procedure was performed using
software developed by Roeder et al.# (http://wpicr.wpic.pitt.edu/wpiccompgen/). All other
statistical analysis was performed using R version 2.9.0 (http://www.R-project.org).
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Identification of RCHH in Costa Rica and Construction of Weights

In total, 2,318 regions of conserved homozygosity haplotype (RCHH) were identified in the
Costa Rica cohort. Of these 2,318 regions, 576 were significantly (P < .05) overrepresented
in cases compared to controls; none of the regions were significantly more frequent in
controls than cases. The median size of the significant regions was 105 kb, and the largest
was 7.2 Mb. Supplementary table 3 in the Online Supplement shows the top 20 P values
representing 100 RCHH in Costa Rica.

Each SNP in the combined collaborative COPD cohort was then mapped to a region of
conserved homozygosity haplotype and assigned the P value of the whole region. SNPs that
did not map to an RCHH were assigned a P value of 1. The mapped P values across all
genotyped SNPs were then used to create weights using a cumulative distribution function.
The algorithm is constructed so that the mean weight across all SNPs is 1: some SNPs are
upweighted and a much larger fraction are downweighted. The nominal P value is divided
by the weight to obtain the weighted P value.

Application of Weights to COPD GWAS

We applied the weights derived from the homozygosity haplotype analysis above to
reanalyze GW genotypic data in a cohort of subjects of European descent that was
previously employed for a traditional GWAS of COPD. After weighting, 14 SNPs were
significant at an FDR-corrected alpha of .05. The top 5 SNPs from the unweighted GWAS
retained their original ranks, but several SNP that did not achieve genome-wide significance
in the traditional GWA analysis became more statistically significant and moved higher in
the list (Table 1). Of these SNPs, those in the gene for FAM13A were identified in the
original analysis of the GWAS 1, and SNPs in /REB218 and CHRNAZ3 have been
implicated in COPD affection status in prior candidate-gene and GW-association studies.
Two of the other SNPs lie in two novel candidate genes for COPD: fibroblast growth
factor-7 (FGF7)and proteasome subunit, alpha-type, 4 (PSMA4) (Figure 1). The RCHH in
Costa Rica that contains FGF7was present in 7 cases and no controls, and the RCHH
containing PSMA4 was present in 5 cases and no controls.

The regions containing the genes CHRNA3and /REBZ2 were also over-represented in cases
compared to controls (P < .05), and after weighting they were genome-wide significant by
FDR. While there was an RCHH containing FAM13A identified in the Costa Rica cohort, it
was only seen in one case and no controls.

Replication in Lovelace Smokers Cohort

The top two SNPs in or near FGF7 were genotyped in the 1,845 smoking adults in the
Lovelace Smokers Cohort. The minor alleles of both SNPs conferred increased odds for
COPD in the whole population in the same direction as the original collaborative COPD
cohort (Table 2). Among the Hispanic subgroup, the effect size was larger and in the same
direction for both SNPs, but only rs12591300 showed a significant association with COPD
affection status.

Gene Expression Analysis

Our previous studies indicate that gene expression patterns associated with quantitative,
intermediate COPD phenotypes are most informative for the discovery of disease-associated
genes 161819 e examined disease-associated expression patterns for our novel candidate
genes in a previously published genome-wide expression data set from 56 subjects with
varying degrees of airflow obstruction (assessed by spirometric measures of lung function
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[FEV1 and FEV1/FVC]) 16. Expression of FGF7 (as defined by multiple and independent
probe sets) was significantly negatively correlated with both FEV1 (nominal P value < 0.01)
and FEV1/FVC (nominal P value < 0.01), indicating increased expression associated with
increased disease severity. Expression in COPD subjects was increased compared to control
subjects, but the difference was not statistically significant. PSMA4 expression was not
correlated with lung function, and was not differentially expressed in cases vs. controls.

DISCUSSION

While successful in identifying novel candidate genes, GWAS of complex traits are unlikely
to identify all potential common disease-susceptibility variants because of limited power if
strict criteria for GW significance are applied. In the absence of a very large sample size,
novel methods are needed to identify disease-susceptibility variants not meeting GW
significance. We identified RCHH for COPD in a GW case-control study in Costa Rica.
After applying a weighting method based on the degree of significance of these regions to a
GWAS of COPD cases and controls of European descent, we identified two SNPs in a novel
candidate gene for COPD (FGF7) and demonstrated that several SNPs in the previously
identified candidate genes /REB2and CHRNA3 met GW criteria for statistical significance.
A SNP in another novel gene (PSMA4) was GW significant after weighting. However,
expression of PSM4 in the lung was not associated with COPD phenotypes, and thus the
observed association is likely due to LD with the nearby genes CHRNA3 and IREBZ. \Ne
then replicated the two FGF7 SNPs in an independent cohort of smoking adults, and showed
that they are both significantly associated in the same direction with COPD. Notably, the
effect sizes in Hispanics are larger than in the overall cohort, suggesting that these alleles
confer greater risk in this population. This Hispanic population in New Mexico has a similar
proportion of European and Native American ancestry as the Costa Rica cohort2021, so
another likely possibility is that patterns of linkage disequilibrium (LD) may be different
between Hispanics and Caucasians in this genomic region, and that these SNPs are tagging a
haplotype or functional SNP in the Hispanic subjects. Additionally, there was a trend
towards increased lung tissue expression of FGF7in an independent cohort of COPD
subjects, in whom there was a significant negative correlation between FGF7 expression and
FEV1 and FEV/FVC ratio.

There are several plausible methods for weighting chromosomal regions in GWAS,
including upweighting previously identified candidate genes, coding variants, exons, and
promoter regions. However, these weighting strategies work counter to one of the strengths
of a GWAS: its hypothesis-free nature. Using homozygosity haplotypes as a weighting
method avoids the pitfall of these other weighting strategies because they are constructed
using a hypothesis-free method, so the weights are unbiased with respect to prior
knowledge.

One of the main strengths of our study is that it shows the power of using HH analysis in an
isolated population to investigate common diseases. While our sample size was small,
Mizayawa et al. have previously shown in simulated data that HH analysis has the ability to
identify the region containing a SNP inherited identity-by-descent from a distant common
ancestor using only 45 cases and 45 controls. In our own data, we were able to show that the
previously identified candidate genes /REB2and CHRNA3fall within an RCHH that is
significantly overrepresented in subjects with COPD. When combined with results from a
weighted GWAS in an independent cohort with adequate sample size, we were able to show
that variants in these genes are significant after correction for multiple testing.

Two novel genes are contained within significant regions of conserved homozygosity, and
after weighting they are significant by FDR correction. The first, FGF7 or fibroblast growth
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factor 7, was identified in cultured human embryonic lung fibrobasts 22, and plays a role in
promoting wound healing23 and protecting airway epithelium from oxidant injury in

mice 24. One of the SNPs identified in this study (rs4480740) is in an intron of FGF7, and
the other (rs12591300) lies immediately upstream of FGF7in an intron of hypothetical
protein LOC196951. In a GWAS of FEV1 in the British 1958 Birth Cohort, 5 out of the 9
SNPs genotyped in FGF7 were significantly (P < .05) associated with differences in lung
function, although not the two SNPs identified in this study.2> FGF7 has been shown to
protect against oxidative stress response specifically in the lung epithelium 24, so increases
in expression associated with disease progression may indicate a greater burden of injury. A
limitation of our study is lack of experimental evidence for an effect(s) of the SNPs
identified in FGF7 on gene expression. We hypothesize that these SNPs cause decreased
expression of FGF7, which could affect antioxidant mechanisms protecting against
detrimental effects of cigarette smoking on the lung. Alternatively, FGF7may play a role in
disease susceptibility through its role in epithelial development during embryogenesis by
influencing epithelial responses to cigarette smoke. Since it is unclear whether increased
FGF7expression is a marker of exposure to oxidant injury or a cause of epithelial damage,
further work must be done to characterize the role of these SNPs on FGF7 expression.

The HHAnalysis algorithm works best under certain assumptions, namely that 1) the risk
alleles were introduced into the population from a population of common ancestors within
the last several hundred years, 2) the target population is genetically isolated, 3) the number
of common ancestors introducing the risk allele is small, and 4) that the risk of the disease
allele is moderate to high. Violations of these assumptions reduce the theoretical expected
size of the RCHH and/or the association of the RCHH with disease, which reduces the
power of the algorithm to detect them. Genetic and historical data for the population of the
Central Valley of Costa Rica suggests that the first three assumptions are met. As in most
association studies of complex disease, the effect size of a risk allele is likely small to
moderate at most, and we expect that this has somewhat reduced our power.

Whereas other homozygosity mapping methods are primarily designed to detect recessive
alleles, the HHAnalysis method instead uses homozygosity to identify ancestral regions
inherited from a common ancestor. These RCAs can harbor risk alleles that operate under
recessive, dominant, or additive models. However, the HHAnalysis algorithm would also
detect copy number variation that results in the deletion of a single allele. While this may
explain a fraction of the regions identified, the top novel SNPs identified in FGF7do not fall
within known regions of copy number variation according to the Database of Genomic
Variants.26

In summary, we have shown that weights obtained from HH analysis in an isolated
population can improve the power to detect novel variants in GWAS in non-isolates. In
addition to confirming results for previously identified variants in /REB2and CHRNAS3, we
have identified variants in a novel candidate gene (FGF7) for COPD. The validity of this
gene is supported by replication in an independent cohort of smoking adults, and expression
data showing consistent and significant patterns associated with COPD intermediate lung
function phenotypes. Further analysis of these genes in the Costa Rica cohort and functional
studies should yield insights into the causative SNPs or haplotypes that underlie the
associations identified in this study.

What isthe key question? Can information from isolated populations improve our
ability to detect novel genetic variants in genome-wide association studies (GWAS)?

What isthe bottom line? We identified statistically significant polymorphisms in a
novel COPD gene (FGF7), which we replicated in an independent population.
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Why read on? We demonstrate the use of a novel method (Homozygosity Haplotype
Analysis) for identifying genomic regions that are inherited from a common ancestor,
and use that information to weight a GWAS of COPD to identify novel genetic variants
that are associated with increased risk of disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Manhattan plot of chromosome 15, before (top) and after weighting. rs4480740 (green) is in
the gene FGF7, and rs2036534 (blue) is in the promoter of PSMA4. The red line indicates
the FDR corrected alpha level for genome-wide significance.

Thorax. Author manuscript; available in PMC 2012 December 01.



Page 11

'sanjeA d pajybiamun ‘Jeulflio ay} ate SLIOY0I [enpIAIPUI JO) SaNjeA d,
*(UMOYS 10U) HHOY 8y} Woly palonisuod ybram ayy Aq papIAIp anjeA d [eulBlio ay} st anjea d pajyblam UL,
1 ‘e 18 ‘oyD Aq paysijgnd Ajsnoinaid ﬂ_:mwm:

"80UBIYIUBIS SPIM-3UIOUAD 0} JJ0IND BU) SB PASN SeM o_QTBEY'T JO 8NJeA d PaloBLI0d ¥ uv,

92120 (%0)0  (wa)T oAV €0-39°2 v0-3L'y (O)Tvetwvd  90-3T¥'T 0T 90-38¥'T 62T O GGE88006'7 /9669828
¥910°0 (%0) 0 (%6)S  20-3r'6 €0-37'L 20-38'G  (MI86L'S-)PVINSD  90-38€T 6T 90-386'9 6.0 O €00VT99L:ST  ¥EG9E0TS!
#910°0 (%0)0  (w6)S 20-30T €0-39°C 70-39°T (0)eg3dl  90-3G€'T 8T 90-3289 6.0 O 79/2€59L:6T  6909592s!
61000 (%0)0  (%eT)L 20-35C 20-3¢'8 20-36°€ (pzLoT-)494  90-avET 12 90-38L8 LT ¥V £8026v/7'ST  00ETBSZTS!
67000 (%00  (%er)Z 20-3TC 20-35C 20-30°7 (02494 90-3€0T /T 90-35.'9 2T VW VETEVSLY'ST  OvL08vYSI
€901°0 (%0)0  (w€)z 10-39C 10-38'8 ¥0-32°9 ©039.8  TT 90-308T 9.0 9 1900/592:6  ¥T¥966S!
61000 (%0)0  (%eT) . zo-are 2032 20-36'T ©03TL 6T 90-3TL% 82T O SIET6LLV'ST  L2L¥0bLTS!
¥910°0 (%0) 0 (%6)S  T0-3¥'8 20-3T'C v0-3EY (0)EYNYHD  20-3vSS 1 90-308C 62T V V6ETBI9LIST  0ELTSOTS!
#910°0 (%0)0  (w6)S  T10-356 €0-38'6 €0-37'T (0)eYN¥HO  L0-318C 6 90-32r'T 62T L 8//G899/:GT  SBEYT6ZTS!
¥910°0 (%0)0  (w6)S T0-32'8 €0-3L'8 v0-36T  (PlggeT+)zaadl  20-390T & [0-3/€S €T O 8/0£6G92:ST  T6TYE0SS!
Y9100 (%0) 0 (w6)s 203V 20-39°T €0-36'L (0)zg3d1 80-3¢66 ¥ L0-3T06 9.0 O €759/69/:ST 08TETS!
#910°0 (%0)0  (w6)S 20-39°€ 20-30'T €0-36'6 (0)eg3dl 803656 € L0-318% 9.0 O 7896/59.:GT  086290TS!
92120 (%0)0  (w2)T £0-38L v0-3LC v0-36'L (Ovetwvd  80-3228 ¢ 80-3658 9.0 O Z00€0T06'7  Z9TTZ9/S!
92120 (%0) 0 (%2)T  €0-3T6 €0-37'T v0-3EY (ovetnvd  80-3/89 T 80-38T. 6.0 O 0Z€S0T06:7  €00E06TS!
anfena (%) (%)  onpea aneA APNIEA ewbwoy  nPMEA ey PenEA - "o TV (810Y ul dg dNsS
dHHOY slonuoD  sesed  dasdip3 dSVYN-LLIN  dAemioN souesIp)aueD  d pewbem  ulblio  d feulblio 14yD) uoyes0]

HHOY ©d314 ©1s0D

Brehm et al.

SYMO palyBlam wody synsal Jueaiyubis Ya-
T379vL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Thorax. Author manuscript; available in PMC 2012 December 01.



Page 12

Brehm et al.

'sanjeA d papis-g [eu1Brio Buisn anjeA 4 paulquiod sJaysid,

90-3G°T 90-38¢C (S20) 91 (S00)ST'T (90-362°9) LTT | OvL08vYSI
90-36°€ 10-36'L (90) ST (to)Tet (90-38.°8) LZ'T | 00ETBSZISI
g & (enmrea
(Ao soiuedsiH) (welgns 1) | EneAd pepsT) ¥O |  (enend peps-T) 4O d PepSZ) ¥O
anfen d papis-T paulquio) | anfea d peps-T pauiquo) | (soluedsiH)adepao | (S1091gns |)y) 8depA0] | wniliosuod adoDd dNS

NIH-PA Author Manuscript

¢3714avl

NIH-PA Author Manuscript

SANS 2494 Jo uonealjdal 10) SanjeA d pauiquiod

NIH-PA Author Manuscript

Thorax. Author manuscript; available in PMC 2012 December 01.



