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Abstract
Background—Pulmonary emphysema is divided into three major subtypes at autopsy:
centrilobular, paraseptal and panlobular emphysema. These subtypes can be defined by visual
assessment on computed tomography (CT); however, clinical characteristics of emphysema
subtypes on CT are not well-defined. We developed a reliable approach to visual assessment of
emphysema subtypes on CT and examined if emphysema subtypes have distinct characteristics.

Methods—The Multi-Ethnic Study of Atherosclerosis COPD Study recruited smokers with
COPD and controls age 50–79 years with ≥10 pack-years. Participants underwent CT following a
standardized protocol. Definitions of centrilobular, paraseptal and panlobular emphysema were
obtained by literature review. Six-minute walk distance and pulmonary function were performed
following guidelines.

Results—Twenty-seven percent of 318 smokers had emphysema on CT. Inter-rater reliability of
emphysema subtype was substantial (K:0.70). Compared to participants without emphysema,
individuals with centrilobular or panlobular emphysema had greater dyspnea, reduced walk
distance, greater hyperinflation, and lower diffusing capacity. In contrast, individuals with PSE
were similar to controls, except for male predominance. Centrilobular but not panlobular or
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paraseptal emphysema was associated with greater smoking history (+21 pack-years P<0.001).
Panlobular but not other types of emphysema was associated with reduced body mass index (−5
kg/m2;P=0.01). Other than for dyspnea, these findings were independent of the forced expiratory
volume in one second. Seventeen percent of smokers without COPD on spirometry had
emphysema, which was independently associated with reduced walk distance.

Conclusions—Emphysema subtypes on CT are common in smokers with and without COPD.
Centrilobular and panlobular emphysema but not paraseptal emphysema have considerable
symptomatic and physiological consequences.
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INTRODUCTION
Chronic obstructive pulmonary disease (COPD) and emphysema are, together, the third
leading cause of death in the United States.1 COPD is defined by airflow limitation that is
not fully reversible on spirometry and overlaps partially with pulmonary emphysema, which
is defined anatomically as permanent enlargement of air spaces distal to the terminal
bronchiole, accompanied by destruction of their walls.2,3 Although emphysema is classically
assessed on gross and microscopic pathology, computed tomography (CT) allows in vivo
assessment of pulmonary emphysema at the macroscopic level.4,5

Subtypes of emphysema have been described, but there is no universally accepted
classification system: centrilobular emphysema is commonly described as an abnormal
enlargement of airspaces centered on the respiratory bronchiole with coalescence of
destroyed lobules in severe cases; panlobular emphysema is often characterized as abnormal
dilation distributed throughout the pulmonary lobule; and paraseptal emphysema refers to
emphysematous change adjacent to a pleural surface.3,6–10

The classic, autopsy-based literature suggests that centrilobular emphysema is
predominantly smoking-related, whereas panlobular emphysema is not related to smoking in
the general population,11,12 being caused, in a minority of cases, by variants in the
SERPINA1 gene (alpha1-antitrypsin deficiency).13 The clinical significance of paraseptal
emphysema is uncertain, though spontaneous pneumothorax is thought to result from
rupture of a paraseptal bleb/bulla.14 Autopsy studies, however, have obvious limitations and
it is unclear whether emphysema subtypes defined by radiologist interpretation on CT have
similarly distinct clinical characteristics.

Emphysema detected by radiologist interpretation on CT has previously been correlated with
gross pathology,5,15–20 and is associated with important clinical outcomes, including
mortality,21 lung cancer,22 and airflow obstruction.5,15,23–26 However, there is often only
modest inter-rater agreement among radiologists for emphysema subtypes.5,17–19,27,28

We therefore developed a reliable approach to visual assessment of emphysema subtypes on
CT in order to examine clinical characteristics of emphysema subtypes in a multicenter
study of smokers drawn predominantly from the general population.

MATERIALS AND METHODS
The Multi-Ethnic Study of Atherosclerosis (MESA) COPD Study recruited cases of COPD
and controls predominantly from MESA, a population-based prospective cohort study of
subclinical atherosclerosis,29 and the Emphysema and Cancer Action Project (EMCAP), a
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separate, non-overlapping lung cancer screening study,30 and also from the outpatient
community at Columbia University Medical Center. Included participants were 50–79 years
of age with ≥10 pack-year smoking history. Exclusion criteria were clinical cardiovascular
disease, stage IIIb-V chronic kidney disease, asthma prior to age 45 years, prior lung
resection, contraindication to magnetic resonance imaging and pregnancy.

Protocols for this study were approved by the institutional review board of participating
institutions and by the National Heart, Lung, and Blood institute. Written informed consent
was obtained from all participants.

Visual Assessment of Emphysema Subtypes (See Supplementary Appendix for Additional
Details)

Reliability of emphysema subtype assessment was assessed first in a training set of 40 CT
scans from participants selected randomly in EMCAP30 who were not in the MESA COPD
Study and verified in an independent validation set of all 127 participants who were
recruited into the MESA COPD Study from EMCAP and the community. Scans for the
remaining 192 MESA COPD Study participants were read by a single rater (J.H.M.A.).

CT Acquisition—All thoracic CT scans were acquired at suspended inspiration without
intravenous contrast and reconstructed using a high spatial contrast algorithm with 0.75 mm
slice thickness. The training set scans were acquired on a Siemens 16 multi-detector scanner
and all MESA COPD Study scans were acquired on Siemens and GE 64-slice scanners. All
scans were acquired at 120 kVp, 0.5 seconds, with milliamperes (mA) set by body mass
index for MESA participants (145 for <20 kg/m2, 180 for 20–30 kg/m2 and 270 for >30 kg/
m2) following the MESA Lung/SPIROMICS protocol,31 and 200 mA for EMCAP
participants.

Raters—Four chest radiologists from two academic medical centers independently
assessed emphysema subtypes at CT without clinical information. Measurement of image
density was not permitted.

Visual Emphysema Subtype Assessment—Radiologists used an electronic score
sheet to record the extent of each emphysema subtype assessed visually on CT
(Supplementary Table S1). Definitions of emphysema subtypes were based on review of the
literature: 3,6–10

Centrilobular emphysema: Focal regions of low attenuation, surrounded by normal lung
attenuation, located within the central portion of secondary pulmonary lobules. As severity
increases, vessels appear “pruned” and low attenuation regions enlarge.

Panlobular emphysema: Diffuse regions of low attenuation involving entire secondary
pulmonary lobules. As severity increases, paucity of peripheral vessels increases.

Paraseptal emphysema: Regions of low attenuation adjacent to visceral pleura (including
fissures).

Raters assigned separate scores for the upper, mid and lower zones of the right and left lung.
The extent of emphysema was defined as the percentage (0 to 100%) of the lung zone
affected by each subtype.
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Upon completion of training set assessment by all raters, reference images were selected
based on all four raters independently agreeing on the isolated presence of each emphysema
subtype (Figure 1).

Emphysema Subtypes and Clinical Characteristics
Lung function and six-minute walk test—Body plethysmography, single breath
diffusing capacity of carbon monoxide (DLCO), post-bronchodilator spirometry, and six-
minute walk distance (6MWD) were assessed following American Thoracic Society (ATS)
recommendations.32–35 Predicted lung function and 6MWD values were calculated using
reference equations.36–40 COPD was defined as post-bronchodilator ratio of forced expired
volume in one second to forced vital capacity (FEV1/FVC) less than 0.7 and spirometric
severity as mild (FEV1≥80% predicted), moderate (50%≤FEV1<80% predicted, severe or
very severe (<50% predicted).41

Lung Density Assessment—Attenuation was assessed using standard reconstruction
CT images with APOLLO software (VIDA Diagnostics, Coralville, IA).42 Percent of
emphysema-like lung was defined as the percentage of total voxels within the lung field
below −950 Hounsfield units (percent emphysema-950HU).43

Anthropometry, Demographics, and other Co-Variates—Height, weight, and white
blood cell (WBC) count were measured, and body mass index (BMI) calculated by
standardized protocol. Race-ethnicity was self-reported and dyspnea was assessed using the
5 level (0 to 4) modified Medical Research Council (mMRC) dyspnea scale.44 Resting
arterial hemoglobin saturation was estimated by pulse oximetry (SpO2, CMS-50F, Contec
Medical Systems, Hebei, China). Low SpO2 was defined as a saturation ≤95% while
breathing ambient air or long-term use of supplemental oxygen. Smoking history was
confirmed with plasma or urine cotinine levels.45

Statistical Analysis
Dichotomous variables are presented as proportions and continuous variables as means with
standard deviation unless otherwise indicated.

Primary analysis assessed the reliability of visual assessment of centrilobular, paraseptal and
panlobular emphysema affecting both lungs by summing the percent severity for upper, mid
and lower zones of both lungs and dividing by six. For dichotomous analyses the presence
of an emphysema subtype was defined as ≥1.0% of the lung volume affected. Unweighted
Cohen’s K statistic was computed for presence of an emphysema subtype. The level of
agreement was interpreted as follows: >0.2: poor, 0.21–0.4: fair, 0.41–0.6: moderate, 0.61–
0.80: substantial, and 0.81–1.0: excellent.46 Reliability of subtype severity assessment was
estimated with intra-class correlation coefficient (ICC).

For associations between clinical characteristics and visually detected emphysema subtypes,
emphysema subtype scores were averaged for CT scans with multiple raters. The
predominant emphysema subtype was defined as the subtype affecting the greatest
percentage of lung. In order to obtain unbiased estimates of emphysema subtype prevalence
in the source population, analyses were weighted by the ratio of COPD prevalence in the
source study to that in the MESA COPD Study, as previously described.47 Clinical
characteristics of individuals with centrilobular-, paraseptal-, and panlobular-predominant
emphysema were compared to individuals without emphysema using bivariate and
multivariate regression, adjusting for age, gender, race-ethnicity and smoking status.
Additional adjustment for percent predicted FEV1 and percent emphysema<-950HU was

Smith et al. Page 4

Am J Med. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



performed in sensitivity analyses. Dunnett’s procedure was used to adjust P-values for
multiple pairwise comparisons against participants without emphysema.

All calculations were performed using SAS 9.3 (Cary, NC) with a hypothesis testing alpha
level of 0.05.

RESULTS
Reliability of Visual Emphysema Subtype Assessment

Characteristics of participants included in the training and validation sets are summarized in
Table S2. The mean age was 68 years in both groups and approximately half were male.

In the training set, intra-reader agreement for the presence of centrilobular, paraseptal, and
panlobular emphysema was substantial-to-excellent (Table S3). Inter-reader agreement was
moderate-to-substantial for centrilobular and paraseptal emphysema although poor for
panlobular emphysema. Nonetheless, reliability of severity of emphysema was moderate-to-
excellent for all subtypes for both intra-reader and inter-reader assessment. In the validation
set, findings were generally similar (Table S4). The inter-reader agreement for predominant
emphysema subtype was substantial (κ:0.70; 95%CI:0.59 to 0.80).

Prevalence of Emphysema Subtypes
Of 321 MESA COPD Study participants, three CT scans had excessive motion artifact
preventing assessment of emphysema subtypes. Among the 318 participants included in the
analysis, mean age was 68±7 years, 60% were male, and 48% had COPD that was
predominantly moderate in severity (39% mild, 47% moderate, and 14% severe).

The estimated population prevalence of emphysema was 27% (95%CI:21–32%), with
centrilobular-predominant emphysema being most common (14%; 95%CI:10–18%),
followed by paraseptal-predominant (9%; 95%CI:6–12%), and panlobular-predominant
emphysema (4%; 95%CI:1–6%). Among participants with any emphysema, multiple
subtypes were present in 57%, with co-existent centrilobular and paraseptal emphysema
being most frequent (Figure 2).

Clinical Characteristics of Emphysema Subtypes
Age and race/ethnicity were similar across predominant emphysema subtypes when
compared to participants without emphysema, whereas paraseptal emphysema occurred
more frequently in men (Table 1). Current smoking was more common among participants
with all emphysema subtypes compared to participants without emphysema.

Individuals with centrilobular-predominant emphysema had significantly higher number of
pack-years compared to participants without emphysema (Figure 3A). Individuals with
centrilobular-predominant emphysema were also more likely to report grade 2 or higher
mMRC dyspnea and have a shorter 6MWD compared to controls, in addition to greater
hyperinflation, lower diffusing capacity, higher percent emphysema<-950HU, and higher
WBC count after adjustment for age, gender, race-ethnicity and current smoking status
(Table 2). Associations of centrilobular-predominant emphysema with pack-years, 6MWD,
hyperinflation, diffusing capacity, lung density, and WBC count remained significant after
additional adjustment for percent predicted FEV1 (Table 3). The proportion of individuals
with low SpO2 was also greater with centrilobular--predominant emphysema compared to
those without emphysema, but this comparison did not achieve statistical significance (Table
2).

Smith et al. Page 5

Am J Med. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Paraseptal-predominant emphysema was significantly more common among men compared
to women, unlike other forms of emphysema (Figure 3B). Participants with paraseptal-
predominant emphysema were otherwise similar to those without emphysema, having no
increased symptoms or physiologic abnormalities (Table 2 and 3).

Individuals with panlobular-predominant emphysema had a similar history of smoking to
participants without emphysema (Figure 3A) but a significantly lower BMI (Figure 3C).
Similar to individuals with centrilobular-predominant emphysema, they were more likely to
have dyspnea, shorter 6MWD, hyperinflation, lower diffusing capacity, and higher percent
emphysema<-950HU compared to those without emphysema (Table 2). Associations of
panlobular-predominant emphysema with BMI, percent predicted 6MWD, hyperinflation,
lung density, and diffusing capacity remained significant after additional adjustment for
percent predicted FEV1 (Table 3).

Adjustment for percent emphysema<-950HU was performed to determine if functional and
systemic characteristics significantly associated with predominant subtypes were due to
differences in emphysema severity. Subtype-specific associations with BMI, pack-years of
smoking, 6MWD, and WBC count remained statistically significant (Table S5).

Emphysema Subtypes and COPD
Emphysema prevalence was higher among those with COPD on spirometry (51%), and
increased with COPD severity (Figure 4). This increase was due to differences across
categories of COPD severity in prevalence of centrilobular (P<0.001) and panlobular
emphysema (P=0.007), whereas paraseptal emphysema was similar across stages of COPD
(P=0.50).

Emphysema was detected in 17% of participants without COPD on spirometry, in whom
paraseptal- and centrilobular-predominant emphysema subtypes were most common (46%
and 43%, respectively). Among participants without COPD, those with emphysema were
more likely to be current and heavier smokers, have shorter 6MWD and higher WBC count
compared to those without emphysema, and DLCO did not differ (Table S6). Similar
associations were observed adjusting for age, gender, race/ethnicity and smoking status,
however, the higher WBC was no longer statistically significant (Table 4).

Regional Distribution of Emphysema Subtypes
Centrilobular and paraseptal emphysema severity were greater in the right lung compared to
left lung (p<0.001 for both), whereas panlobular emphysema severity did not differ by side
(p=0.10). Centrilobular and paraseptal emphysema severity were also greater in higher lung
zones than lower lung zones (p<0.001 for both), whereas severity of panlobular emphysema
did not vary by lung zone (p=0.84).

DISCUSSION
Characteristics of emphysema subtypes on CT were clinically important and varied
substantially by predominant emphysema subtype. Centrilobular and panlobular emphysema
were associated with increased dyspnea and lower functional capacity on the 6MWD;
however, only centrilobular emphysema was associated with smoking history, and only
panlobular emphysema was associated with markedly reduced BMI. In contrast, paraseptal
emphysema was associated with no increased symptoms or reduced function, and only
differed from controls with respect to a male predominance. In addition, emphysema was
observed in a substantial minority of smokers without spirometrically defined COPD and
these individuals had a significantly lower 6MWD.
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To our knowledge, this is the largest study to date of the reliability and clinical
characteristics of visually assessed emphysema subtypes, and has additional strengths of a
multicenter and largely population-based design. The metrics of inter-rater reliability
observed for total emphysema in the present study are as good, if not better, than prior
studies.5,17–19,27,28,48 While these measures of reliability fall below those of automated
densitometry,19,28,49 visual assessment at CT is the clinical gold-standard and has been
demonstrated to be valid compared to pathologic specimens with centrilobular and
panlobular emphysema.15,16,20

The present study observed subtype-specific associations with clinical characteristics that
support the notion of distinct pulmonary and systemic phenotypes according to emphysema
subtype. For example, cigarette smoking is the cardinal risk factor for centrilobular
emphysema but not panlobular emphysema,11,12 and we observed a significantly greater
number of pack-years among participants with centrilobular-predominant but not
panlobular-predominant emphysema. The panlobular-predominant emphysema subtype was
uniquely and strongly associated with lower BMI compared to individuals without
emphysema. This finding is consistent with early reports of low body weight adjusted for
height among subjects with α-1- antitrypsin deficiency.50,51 Further, in our study,
panlobular emphysema was not associated with zonal predominance, whereas centrilobular
emphysema was more common in right and upper zones, all of which are consistent with
prior pathologic studies.52,53 The paraseptal-predominant emphysema subtype was uniquely
associated with significantly greater proportion of men, but no increased dyspnea and no
functional impairment. While this study is the first to report gender by emphysema subtype,
spontaneous pneumothorax, a condition thought to arise from paraseptal blebs/bullae,14 also
occurs more commonly in men.14,54 Finally, individuals with centrilobular-predominant
emphysema had the highest WBC count. While COPD was also more common in this
group, our finding is consistent with observations by Saetta and colleagues, where resected
lung specimens with centrilobular emphysema had significantly higher airway inflammatory
cell content compared to specimens with panlobular emphysema.55 Together, these
observations suggest that emphysema subtypes on CT have distinct pathophysiology, as well
as clinical manifestations.

Emphysema in the absence of COPD is increasingly recognized as a prevalent and clinically
important entity.56–59 Studies have demonstrated emphysema in the absence of COPD to be
associated with significant physiologic impairment, including left ventricular under filling
compatible with low preload state.56,57 De Torres and colleagues observed a specific plasma
cytokine profile including lower endothelial growth factor, IL-15, and IL-8, among subjects
with emphysema and normal spirometry.58 In the current study 17% of participants without
COPD had emphysema. This finding is remarkably similar to a Japanese health screening
study that reported an 18.6% prevalence of emphysema on CT among smokers without
COPD.59 Furthermore, we observed greater proportion of current smokers, higher number of
pack-years, shorter 6MWD, and higher WBC count among non-COPD participants with
emphysema. While inflammatory responses to cigarette smoke may contribute to the
pathogenesis of this under-recognized clinical entity, further mechanistic studies are needed.

Inter-rater reliability of panlobular emphysema detection was not as good as centrilobular or
paraseptal emphysema, which may reflect the uniform destruction of alveolar walls within
the pulmonary lobule in panlobular emphysema.3 The lack of visual contrast between
normal lung density and emphysematous low attenuation within pulmonary lobules, as is
seen in centrilobular emphysema, may make visual assessment of panlobular emphysema
difficult unless it is advanced.20 CT densitometry may be better capable of detecting the
diffuse low attenuation of panlobular emphysema, particularly at early stages of disease.60

In support of this hypothesis, greater severity of panlobular emphysema in the present study
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was independently associated with percent emphysema<-950HU despite poor reliability of
visual detection.

A limitation of the present study is that we did not assess the validity of our emphysema
subtype detection method against pathologic specimens. Gold-standard quantification of
multiple emphysema subtypes would require microscopic examination of whole lung
specimens and was not performed in this population-based sample. We did, however,
observe subtype specific associations with smoking, zonal distribution that were consistent
with autopsy descriptions.11,12,52,53

Differences in disease severity assessed by lung function and percent emphysema, in
addition to differences in current smoking, across predominant subtypes may have
contributed in part to the observed clinical associations; however, associations generally
remained significant with additional adjustment for the FEV1, percent emphysema<-950HU
and current smoking, the latter being confirmed with cotinine. These findings support a
distinct pathobiology and clinical significance of emphysema subtypes as well as
emphysema in the absence of COPD.

Measures of reliability can be influenced by the spectrum of disease severity. We reported
multiple metrics of reliability. In contrast to prior studies of reliability that included patients
undergoing lung resection or autopsy,5,17–19 our study enrolled a population-based sample
of current and former smokers, which increases the applicability of our findings and the
importance of studying emphysema subtypes early in the course of disease.

In summary, a reliable method for detecting emphysema subtypes at CT identified both
novel and classically described clinical characteristics that suggest distinct pathophysiology
and clinical significance. Centrilobular and panlobular emphysema were associated with
increased symptoms, as well as reduced exercise capacity independent of airflow
obstruction; whereas paraseptal emphysema, although common, was of little physiologic
significance. Emphysema was also observed in a substantial minority of individuals without
COPD and was associated with functional impairment.
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Refer to Web version on PubMed Central for supplementary material.
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Clinical Significance

• Centrilobular and panlobular emphysema detected visually on CT were
associated with increased symptoms and reduced exercise capacity.

• Paraseptal emphysema, although common, was of little physiologic
significance.

• Emphysema on CT was also observed among 17% of participants without
spirometry-defined COPD and was associated with functional impairment.
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FIGURE 1. Reference Images for Absence of Emphysema and Emphysema Subtypes
Axial CT images were selected from training set scans in which all four raters independently
agreed on the absence or isolated presence of each emphysema subtype. A. Absence of
emphysema; B. Centrilobular emphysema; C. Paraseptal emphysema; D. Panlobular
emphysema.
Abbreviation: CT denotes computed tomography.
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FIGURE 2. Proportions of MESA COPD Study Participants with One or Multiple Subtypes of
Emphysema
Presence of each emphysema subtype was defined as ≥1% of the lung volume affected.
Proportions are weighted to reflect distribution in the source population (see methods for
details).
Abbreviations: MESA denotes Multi-Ethnic Study of Atherosclerosis, and COPD chronic
obstructive pulmonary disease.
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FIGURE 3. Male Gender, Body Mass Index and Pack-Years of Smoking among MESA COPD
Study Participants by Emphysema Subtype
*Indicates p<0.05 for bivariate comparison of emphysema subtype versus control group (no
emphysema) adjusted for multiple subtype comparisons using Dunnett’s procedure. Pack-
years, gender prevalence, and body mass are weighted to reflect distribution in the source
population (see methods for details). A. Pack-years of smoking; B. Gender; and C. Body
mass index.
Abbreviations: MESA denotes Multi-Ethnic Study of Atherosclerosis, COPD chronic
obstructive pulmonary disease.
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FIGURE 4. Prevalence of Predominant Emphysema Subtypes among MESA COPD Study
Participants by COPD Severity
Predominant emphysema subtype was defined as the subtype affecting the greatest
percentage of lung in each participant and severity of COPD was defined by GOLD
spirometric criteria. Proportions are weighted to reflect distribution in the source population
(see methods for details).
Abbreviations: MESA denotes Multi-Ethnic Study of Atherosclerosis, COPD chronic
obstructive pulmonary disease, GOLD global initiative for chronic obstructive lung disease.
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Table 4

Clinical Characteristics of Participants without COPD by Spirometric Criteria by Presence of Emphysema on
CT.

Clinical characteristic
Mean or proportion of clinical characteristic among MESA COPD Study

participants without COPD adjusted for age, gender, race-ethnicity, and smoking
status (95% CI)

P-value*

Emphysema absent
N=138

Emphysema present
N=28

Body mass index 28 (26 to 30) 27 (26 to 29) 0.41

Pack-years 31 (27 to 35) 40 (33 to 47) 0.03

Proportion with mMRC dyspnea
scale ≥2 – %a

7.0 (2.9 to 11) 0.0 (0.0 to 9) 0.36

Percent predicted FEV1 99 (95 to 102) 101 (95 to 107) 0.51

Percent predicted FVC 96 (93 to 99) 100 (94 to 106) 0.20

FEV1/FVC 0.78 (0.77 to 0.79) 0.77 (0.75 to 0.79) 0.16

Percent predicted RV‡ 74 (61 to 87) 86 (69 to 103) 0.17

Percent predicted FRC‡ 90 (80 to 101) 104 (90 to 118) 0.11

Percent predicted TLC‡ 89 (82 to 96) 98 (88 to 107) 0.07

Percent predicted DLCO/VA
‡ 79 (72 to 86) 73 (64 to 82) 0.20

Percent predicted 6MWDa 94 (90 to 99) 83 (75 to 91) 0.01

Percent emphysema<-950HU 1.0 (0.8 to 1.3) 0.9 (0.6 to 1.4) 0.63

Proportion with SpO2 ≤ 95% - % 3.3 (0.1 to 15) 12 (2.5 to 40) 0.10

White blood cell count – ·109/L 6.2 (5.8 to 6.5) 6.9 (6.2 to 7.5) 0.06

*
P-values represent bi-variate comparison of mean or proportion using Chi-square, Fisher’s exact or Student t-test where appropriate.

‡
Plethysmography and diffusing capacity were measured on validation participants only.

a
6MWD and mMRC dyspnea scale were measured in a subset of participants (n=145 and n=156 participants, respectively).

Abbreviations: MESA denotes Multi-Ethnic Study of Atherosclerosis, COPD chronic obstructive pulmonary disease, CI confidence interval,
mMRC modified Medical Research Council, FEV1 forced expired volume in the first second, FVC forced vital capacity, RV residual volume, FRC

functional residual capacity, TLC total lung capacity, DLCO/VA diffusing capacity of the lung for carbon monoxide divided by alveolar volume,

6MWD six minute walk distance, HU Hounsfield units, and SpO2 pulse-oximeter estimated arterial oxygen-hemoglobin saturation.
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