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              COPD is characterized by airfl ow limitation that is 
not fully reversible and is a leading cause of mor-

bidity and mortality.  1,2   Hyperinfl ation in COPD is 
defi ned by an increase in absolute lung volumes  3   and 
is believed to be partly due to inadequate emptying 
of the lungs as a result of increases in airways resis-
tance, respiratory system compliance, or a combination 
of the two.  3   Current guidelines do not specify which 
absolute lung volumes should be used to defi ne 
hyperinfl ation.  4   

 Specifi c lung volumes have been associated with 
different clinical outcomes in COPD.  5-9   For example, 
Martinez et al  7   demonstrated increases in residual 
volume (RV) but not total lung capacity (TLC) to be 
associated with mortality independent of spirometric 
measures of airfl ow limitation. Our group observed 
increased RV and RV/TLC but not functional residual 
capacity (FRC), TLC, or inspiratory capacity (IC)/TLC 
to be associated with greater left ventricular mass 
independent of body size and traditional cardiac risk 

  Background:    Hyperinfl ation refers to a nonspecifi c increase in absolute lung volumes and has a 
poor prognosis in COPD. The relative contribution of increased airways resistance and increased 
parenchymal compliance to hyperinfl ation of each absolute lung volume is poorly understood. We 
hypothesized that increased residual volume (RV) and RV/total lung capacity (TLC) would be asso-
ciated with reduced airway lumen dimensions, whereas increased functional residual capacity 
(FRC), TLC, and reduced inspiratory capacity (IC)/TLC would be associated with emphysema on 
CT scan. We examined whether clinical characteristics differed accordingly. 
  Methods:    The Multi-Ethnic Study of Atherosclerosis (MESA) COPD Study recruited smokers aged 
50 to 79 years who were free of clinical cardiovascular disease. Gas trapping was defi ned as RV 
or RV/TLC greater than the upper limit of normal and hyperexpansion as FRC or TLC greater 
than the upper limit of normal or IC/TLC less than the lower limit of normal. Airway lumen diam-
eters and percent emphysema  ,   2 950 Hounsfi eld units were quantifi ed on CT images. Analyses 
were adjusted for age, sex, body size, race/ethnicity, education, and smoking. 
  Results:    Among 116 participants completing plethysmography, 15% had gas trapping, 18% has 
hyperexpansion, and 22% had both. Gas trapping was associated with smaller airway lumen diam-
eters ( P   5  .001), greater dyspnea ( P   5  .01), and chronic bronchitis ( P   5  .03). Hyperexpansion was 
associated with percent emphysema ( P   ,  .001), lower BMI ( P   5  .04), and higher hemoglobin con-
centration ( P   5  .001). 
  Conclusions:    Gas trapping and hyperexpansion on plethysmography were associated with distinct 
differences in lung structure and clinical characteristics. Absolute lung volumes should not be 
considered equivalent in their estimation of hyperinfl ation and provide insight into the extent of 
airway and parenchymal abnormalities in COPD.    CHEST 2014; 145(6):1305–1315   

  Abbreviations:  AWT  5  airway wall thickness; D lco /V a   5  diffusing capacity of lung for carbon monoxide divided by alve-
olar volume; FRC  5  functional residual capacity; HU  5  Hounsfi eld units; IC  5  inspiratory capacity; MESA  5  Multi-Ethnic 
Study of Atherosclerosis; RV  5  residual volume; Sp o  2   5  oxygen saturation as measured by pulse oximetry; TLC  5  total 
lung capacity 
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study of subclinical atherosclerosis,  20   and a separate, nonoverlap-
ping lung cancer screening study.  21   In addition, a small number 
of participants were recruited from the outpatient community at 
Columbia University Medical Center. Included participants were 
aged 50 to 79 years with a  �  10 pack-year smoking history. Exclu-
sion criteria were clinical cardiovascular disease, asthma prior to 
age 45 years, prior lung resection, or cancer. The current report 
describes participants who were selected for and completed body 
plethysmography. 

 Study Oversight 

 Study procedures were approved by the institutional review 
board of Columbia University Medical Center (AAAD6395) and 
by the National Heart, Lung, and Blood Institute. Written informed 
consent was obtained from all participants. 

 Pulmonary Function Testing 

 Body plethysmography, single-breath diffusing capacity of lung 
for carbon monoxide divided by alveolar volume (D lco /V a ), and 
postbronchodilator spirometry were assessed with a V6200 Auto-
box (Sensormedics Corp), Autobox 220 Series instrument (Sensor-
medics Corp), and a dry-rolling-sealed spirometer (Occupational 
Marketing, Inc)  , respectively, following American Thoracic Soci-
ety/European Respiratory Society recommendations and reported 
in liters at body temperature and pressure saturated.  22-24   Pre-
dicted spirometry values were calculated using reference equa-
tions by Hankinson et al.  25   COPD status and severity were defi ned 
per American Thoracic Society/European Respiratory Society cri-
teria.  1   Predicted lung volume values and upper and lower limits 
of normal for each lung volume were calculated using reference 
equations for participants aged  �  65 years by Garcia-Rio et al  26   
and reference equations for participants aged  ,  65 years by 
Crapo et al.  27   

 Gas trapping was defi ned as RV or RV/TLC above the upper 
limits of normal. Hyperexpansion was defi ned as FRC or TLC 
above the upper limits of normal or IC/TLC below the lower limit 
of normal. 

 Chest CT Image Acquisition and Analysis 

 Participants underwent full-lung thoracic CT imaging on a 
64-slice helical scanner (Lightspeed VCT 64; GE Healthcare) 
(120 kVp, 200 mAs at 0.5 s, 0.75-mm slice thickness). Images were 
obtained at suspended full inspiration. Image attenuation and air-
way dimensions were assessed using Apollo software (VIDA Diag-
nostics, Inc)  28   at a single reading center. Percent emphysema 
was defi ned as the percentage of total voxels within the lung 
fi eld  ,   2 950 Hounsfi eld units (HU).  29   

 The airway tree was identifi ed by an automated region-growing 
technique, and all segmental bronchi were labeled anatomically. 
Subsegmental bronchi were further labeled along fi ve prespeci-
fi ed paths: RB1, RB4, RB10, LB1 1 2, and LB10. Luminal diam-
eter and wall thickness were measured perpendicular to the local 
long axis and averaged along the middle third of each labeled air-
way. Every scan underwent visual inspection by trained readers 
unaware of other participant information to confi rm accuracy of 
automated airway labeling. 

 Anthropometry and Other Covariates 

 Height, weight, BMI, and blood hemoglobin concentration were 
measured according to MESA protocol.  11   Age, sex, race/ethnicity, 
and education were self-reported, and dyspnea was assessed with 
the fi ve-level (0-4) modifi ed Medical Research Council dyspnea 
scale.  30   Chronic bronchitis was self-reported and defi ned by the 
presence of cough and sputum for at least 3 months in each of 

factors.  9   Furthermore, interventions that alter airways 
resistance (eg, bronchoconstriction, bronchodilation) 
cause greater changes in RV than FRC or TLC.  5,6,8   In 
contrast, obesity correlates better with FRC and TLC 
than RV, and weight loss improves FRC but not RV.  10,11   
These studies suggest heterogeneity across absolute 
lung volumes with respect to hyperinfl ation, but they 
did not examine the potential structural basis and clin-
ical correlates of such heterogeneity. 

 Changes in airway caliber contribute directly to air-
ways resistance,  3,12   and emphysema alters parenchymal 
recoil in part by lack of elastin.  13   Hence, a differen-
tial contribution of quantitative measures of airway 
dimensions  14   and emphysematous destruction  15   to 
specifi c lung volumes, as assessed on CT images, is 
likely. Some studies have reported simple correlations 
between specifi c lung volumes and CT imaging met-
rics of lung structure  16-19  ; however, detailed analyses 
are lacking. 

 The aims of the current study were to determine 
whether elevated RV and RV/TLC are associated with 
reduced airway lumen dimensions on CT imaging, 
whereas elevated FRC, TLC, and reduced IC/TLC 
are associated with emphysema. We then examined 
whether clinical characteristics differed accordingly. 

 Materials and Methods 

 Study Participants 

 The Multi-Ethnic Study of Atherosclerosis (MESA) COPD 
Study recruited patients with COPD and control subjects pre-
dominantly from MESA, a population-based prospective cohort 
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levels (IMMULITE 2000 nicotine metabolite assay; Diagnostic 
Products Corp). 

 Statistical Analysis 

 Dichotomous variables are presented as proportions and con-
tinuous variables as mean  �  SD unless otherwise indicated. Bivar-
iate comparisons were tested by  x  2 , Fisher exact, or Student  t  tests 
as appropriate. 

2 consecutive years.  31   Oxygen saturation as measured by pulse 
oximetry (Sp o  2 ) (CMS-50F pulse oximeter; Contec Medical Sys-
tems Co, Ltd) was performed at rest while breathing ambient 
air. Smoking history was assessed by standard questionnaire, 
and current smoking status was confi rmed by plasma cotinine 

  Characteristic  Value  

 Subsegmental airways  d   
  No. airways quantifi ed per participant 10 (10-10) 
  Airway lumen diameter, mm 3.1 (2.6-3.8) 
  AWT, mm 1.2 (1.0-1.3) 
  %AWT 27 (25-29)  

   Data are presented as mean  �  SD, %, or median (fi rst-third quartile) 
unless otherwise indicated. AWT  5  airway wall thickness; BTPS  5  body 
temperature and pressure, saturated; D lco/ V a   5  diffusing capacity 
of lung for carbon monoxide divided by alveolar volume; FRC  5  
functional residual capacity; GOLD  5  Global Initiative for Chronic 
Obstructive Lung Disease; HU  5  Hounsfi eld units; IC  5  inspiratory 
capacity; MESA  5  Multi-Ethnic Study of Atherosclerosis; mMRC  5  
modifi ed Medical Research Council; RV  5  residual volume; Sp o  2   5 

 oxygen saturation as measured by pulse oximetry; TLC  5  total lung 
capacity.  
   a Hyperinfl ation defi ned as values greater than the upper limit of 
normal.  
   b Hyperinfl ation defi ned as values less than the lower limit of normal.  
   c Sp o  2  measurements were available in 100 participants.  
   d Subsegmental bronchial dimensions were quantifi ed from branch 
descendants of fi ve segmental airways (RB1, RB4, RB10, LB1 1 2, and 
LB10), yielding 10 subsegmental airway measurements per participant.   

Table 1—Continued Table 1— Characteristics of the MESA COPD Study 
Participants With Plethysmography  

  Characteristic  Value  

  No. participants 116 
 Age, y 69  �  6 
 Male sex 57 
 Race/ethnic group
  White  73 
  Black  19 
  Other 8 
 Height, cm 169  �  10 
 Weight, kg 77  �  19 
 BMI, kg/m 2 27  �  6 
 Cigarette smoking status  
  Current 37 
  Former 63 
 Pack-y of smoking 39 (26-56) 
 COPD 62 
 GOLD-COPD severity  
  Mild 33 
  Moderate 46 
  Severe/very severe 21 
 Postbronchodilator spirometry  
  FEV 1 , L 2.15  �  0.75 
  FEV 1  % predicted 82  �  25 
  FEV 1 /FVC 0.63  �  0.14 
 Plethysmography  
  RV, L 2.01  �  0.75 
  RV % predicted 101  �  33 
  RV hyperinfl ation  a  12 
  FRC, L 3.34  �  0.87 
  FRC % predicted 106  �  23 
  FRC hyperinfl ation  a  16 
  IC, L 2.30  �  0.73 
  IC % predicted 93  �  24 
  IC hyperinfl ation  b  16 
  TLC, L 5.64  �  1.27 
  TLC % predicted 101  �  15 
  TLC hyperinfl ation  a  8 
  RV/TLC, L 0.35  �  0.10 
  RV/TLC % predicted 100  �  28 
  RV/TLC hyperinfl ation  a  18 
  IC/TLC, L 0.41  �  0.08 
  IC/TLC % predicted 93  �  24 
  IC/TLC hyperinfl ation  b  20 
 D lco /V a , mL/min/mm Hg/L BTPS 3.5  �  0.8 
 D lco /V a  % predicted 72  �  17 
 Proportion with mMRC dyspnea  �  2 24 
 Proportion with chronic bronchitis 14 
 Proportion with Sp o  2   ,  95%  c  14 
 Blood hemoglobin concentration, g/dL 13.9  �  1.2 
 Percent emphysema  ,   2 950 HU 1.8 (0.7-5.5) 
 Segmental airways  
  No. airways quantifi ed per participant 18 (18-18) 
  Airway lumen diameter, mm 4.4 (3.8-5.2) 
  AWT, mm 1.5 (1.4-1.7) 
  %AWT 25 (23-27) 

(Continued)   Figure  1. Proportional Venn diagram depicting prevalence of gas 
trapping and hyperexpansion among Multi-Ethnic Study of Ath-
erosclerosis (MESA) COPD Study participants with COPD. Gas 
trapping was defi ned as residual volume or residual volume/total 
lung capacity greater than the upper limit of normal. Hyperex-
pansion was defi ned as functional residual capacity or total lung 
capacity greater than the upper limit of normal or inspiratory 
capacity/total lung capacity less than the lower limit of normal. 
Percentages do not sum to 100 because of rounding  .   
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 Table 2— Differences in Absolute Lung Volumes by Airway Lumen Diameter  

  Variable

Predicted Differences in Lung Volumes (95% CI) 

 RV, mL RV/TLC, % FRC, mL TLC, mL IC/TLC, %  

  Per SD decrement in airway lumen diameters  60 (20 to 100) 0.7 (0.1 to 1.3) 20 ( 2 10 to 60) 30 ( 2 10 to 80)  2 0.1 ( 2 0.6 to 0.4) 
  P  value .006 .02 .24 .17 .81   

  Predicted mean differences were estimated with generalized estimating equations and were adjusted for age, sex, height, weight, BMI, race/ethnic 
group, level of education attained, and current smoking status. See  Table 1  legend for expansion of abbreviations.  

 Table 3— Differences in Odds of Absolute Lung Volumes Being Above or Below the Limit of Normal by 
Airway Lumen Diameter  

  Variable

OR (95% CI) for Lung Volumes Above or Below the Limit of Normal 

 RV  .  ULN RV/TLC  .  ULN FRC  .  ULN TLC  .  ULN IC/TLC  ,  LLN  

  Per SD decrement in airway lumen diameters 1.3 (1.2-1.5) 1.3 (1.1-1.5) 0.9 (0.6-1.1) 1.2 (0.9-1.6) 0.9 (0.7-1.2) 
  P  value  ,  .001 .01 .27 .35 .53  

  Predicted odds for the dichotomous term were estimated with generalized estimating equations. ULN and LLN were calculated using age-, sex-, 
and height-based reference equations; hence, logistic models were unadjusted. LLN  5  lower limit of normal; ULN  5  upper limit of normal. See 
 Table 1  legend for expansion of other abbreviations.  

 Table 4— Differences in Absolute Lung Volumes by Percent Emphysema  ,   2 950 HU  

  Variable

Predicted Differences in Lung Volumes (95% CI) 

 RV, mL RV/TLC, % FRC, mL TLC, mL IC/TLC, %  

  Per SD increment in percent 
emphysema  ,   2 950 HU

250 (170 to 340) 3.0 (1.7 to 4.5) 250 (180 to 330) 290 (190 to 390)  2 1.0 ( 2 2.2 to  2 0.5) 

  P  value  ,  .001  ,  .001  ,  .001  ,  .001 .03  

  Predicted mean differences were estimated using generalized estimating equations and were adjusted for age, sex, height, weight, BMI, race/ethnic 
group, level of education attained, and current smoking status. See  Table 1  legend for expansion of abbreviations.  

 We assessed the association of each absolute lung volume with 
segmental and subsegmental airway lumen diameters or percent 
emphysema  ,   2 950 HU using linear regression models to adjust 
for age, sex, height, weight, BMI, race/ethnicity, educational attain-
ment, and smoking status. Analyses for the airways included mea-
sures from all 18 segmental and 10 subsegmental bronchi (arising 
from RB1, RB4, RB10, LB1 1 2, and LB10) for each participant; 
generalized estimating equations were used to account for these 
multiple measures. Sex and current smoking status were included in 
the model because they have been shown to affect lung density.  32-34   
Analyses were repeated for each absolute lung volume dichoto-
mized above or below the relevant limit of normal and for the 
presence or absence of gas trapping and hyperexpansion by logis-
tic regression. Secondary analyses assessed airway wall thickness 
(AWT) and the percent of AWT relative to total airway diameter   
(%AWT). Analysis using D lco /V a  % predicted was performed as 
an alternate measure of parenchymal destruction. Clinical charac-
teristics of participants with COPD and gas trapping, hyperex-
pansion, or both were compared with those without COPD by 
logistic regression to adjust for age, sex, BMI, and smoking status. 

 A two-tailed  P   ,  .05 was considered to indicate statistical sig-
nifi cance. Analyses were performed using SAS 9.3 (SAS Institute 
Inc) statistical software. 

 Results 

 Of 370 potential participants who were screened 
for plethysmography at one site, 132 were enrolled 

into the MESA COPD Study, and 116 completed the 
measures (e-Fig 1). Enrolled participants were sim-
ilar to those excluded except for differences in race/
ethnic distribution, body weight, and smoking history 
(e-Table 1). 

 The mean age of the 116 included participants was 
69  �  6 years, and 57% were men. Clinical character-
istics of these participants are summarized in  Table 1 .  
Seventy-two participants (62%) had COPD, which 
was predominantly of moderate severity. Thirty-eight 
participants with COPD (55%) had gas trapping, 
hyperexpansion, or both: 15% had isolated gas trap-
ping, 18% had isolated hyperexpansion, and 22% had 
both gas trapping and hyperexpansion ( Fig 1 ).  

 The median lumen diameter of segmental and 
subsegmental airways was 4.4 mm (fi rst-third quar-
tile, 3.8-5.2 mm) and 3.1 mm (fi rst-third quartile, 
2.6-3.8 mm), respectively, and the median percent 
emphysema  ,   2 950 HU was 1.8% (fi rst-third quartile, 
0.7%-5.5%) ( Table 1 ). In bivariate analysis, segmen-
tal and subsegmental lumen diameters were signifi -
cantly smaller in women than in men ( P   ,  .001). This 
association was no longer signifi cant after additional 
adjustment for body height ( P   5  .08). 
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 Table 5— Differences in Odds of Absolute Lung Volumes Being Above or Below the Limit of Normal by Percent 
Emphysema  ,   2 950 HU  

  Variable

OR (95% CI) for Lung Volumes Above or Below the Limit of Normal 

 RV  .  ULN RV/TLC  .  ULN FRC  .  ULN TLC  .  ULN IC/TLC  ,  LLN  

  Per SD increment in percent 
emphysema  ,   2 950 HU

2.4 (1.1-5.1) 2.1 (1.3-3.3) 2.6 (1.5-4.6) 2.3 (1.3-3.9) 1.8 (1.0-3.2) 

  P  value .02 .004  ,  .001 .002 .04  

  Predicted odds for the dichotomous term were estimated using generalized estimating equations. ULN and LLN were calculated using age-, sex-, 
and height-based reference equations; hence, logistic models were unadjusted. See  Table 1 and 3  legends for expansion of abbreviations.  

 Table 6— Clinical Characteristics of MESA COPD Study Participants by COPD, Gas Trapping, 
and Hyperexpansion Status  

  COPD  

 Characteristic No COPD  a  
No Gas Trapping, 
No Hyperinfl ation

Isolated 
Hyperexpansion

Isolated Gas 
Trapping

Gas Trapping and 
Hyperexpansion

Global 
 P  Value  

  No. participants 44 32 13 11 16 … 
 Age, y 70  �  4 71  �  5 65  �  8 65  �  9 66  �  7 .01 
   P  value Reference .88 .01 .04 .03  
 Male 43 63 77 45 75 .09 
   P  value Reference .11 .06 1.00 .04  
 Race/ethnicity .19 
  White 73 81 85 55 63  
    P  value Reference .56 .48 .29 .66  
  Black 14 9 15 45 38  
    P  value Reference .73 1.00 .05 .09  
  Other 14 3 0 0 0  
    P  value Reference .23 .32 .33 .18  
 BMI, kg/m 2 28  �  7 27  �  5 25  �  4 27  �  6 26  �  5 .47 
   P  value Reference .58 .04 .70 .16  
 Current smoker 27 28 54 55 56 .08 
   P  value Reference 1.00 .10 .15 .06  
 Pack-y 38  �  19 45  �  20 52  �  27 42  �  23 55  �  36 .24 
   P  value Reference .10 .06 .59 .06  
 GOLD severity … 
  Mild … 53 46 9 0  
  Moderate … 44 38 82 31  
  Severe … 3 15 9 69  
 FEV 1  % predicted 101  �  20 80  �  15 81  �  25 66  �  12 47  �  17  ,  .001 
   P  value Reference  ,  .001  ,  .001  ,  .001  ,  .001  
 FVC % predicted 100  �  18 100  �  15 107  �  24 91  �  13 76  �  26 .001 
   P  value Reference .97 .30 .06  ,  .001  
 FEV 1 /FVC 0.76  �  0.04 0.60  �  0.08 0.57  �  0.09 0.56  �  0.08 0.42  �  0.10  ,  .001 
   P  value Reference  ,  .001  ,  .001  ,  .001  ,  .001  
 Airway lumen diameter, mm 4.2 (3.4-5.1) 4.0 (3.2-4.8) 4.1 (3.2-4.7) 3.7 (2.9-4.6) 3.9 (3.2-4.7)  ,  .001 
   P  value Reference .08 .10 .001 .01  
 D lco /V a  % predicted 80  �  13 71  �  14 61  �  14 74  �  20 38  �  19  ,  .001 
   P  value Reference .007 .02 .32  ,  .001  
 Percent emphysema  ,   2 950 HU 0.8 (0.4-1.3) 3.0 (1.4-5.0) 2.8 (2.1-7.9) 1.1 (0.2-8.0) 9.4 (7.4-25)  ,  .001 
   P  value Reference .001 .001 .29  ,  .001  
 Proportion with mMRC dyspnea  �  2 9 19 8 45 73  ,  .001 
   P  value Reference .31 1.00 .01  ,  .001  
 Proportion with chronic bronchitis 9 16 0 36 19 .003 
   P  value Reference .39 .97 .03 .31  
 Proportion with Sp o  2   ,  95% 7 7 17 11 45 .07 
   P  value Reference 1.00 .60 1.00 .01  
 Blood hemoglobin concentration, g/dL 13.6  �  1.2 14.0  �  1.2 14.5  �  0.8 13.4  �  1.3 14.3  �  1.3 .04 
   P  value Reference .11 .001 .66 .04   

  Data are presented as mean  �  SD, %, or median (fi rst-third quartile) unless otherwise indicated. Gas trapping was defi ned as RV or RV/TLC  .  ULN. 
Hyperexpansion was defi ned as FRC or TLC  .  ULN or IC/TLC  ,  LLN. See  Table 1 and 3  legends for expansion of abbreviations. 
  a Two and nine participants without COPD had isolated gas trapping and isolated hyperexpansion, respectively.  
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mal ( Table 3 ). In contrast, there was no evidence for 
an association of airway lumen diameters with FRC, 
TLC, and IC/TLC ( Tables 2, 3 ). Additional adjust-
ment for percent emphysema  ,   2 950 HU did not 
alter these associations appreciably (e-Table 2). 

 The odds of gas trapping were signifi cantly greater 
per SD decrement in segmental and subsegmental 
airway lumen diameters (OR, 1.3; 95% CI, 1.1-1.5; 
 P   5  .003), without evidence of effect modifi cation by 

 Airway Dimensions and Gas Trapping 

 Smaller airway lumen diameters were independently 
associated with greater RV in unadjusted and fully 
adjusted models ( Table 2 ).   A   1-SD decrement in air-
way lumen diameter was associated with a 60-mL 
increase in RV (95% CI, 20-100 mL;  P   5  .006). Smaller 
lumen diameters were also associated with signifi cantly 
greater odds of RV exceeding the upper limit of nor-

  Figure  2. Clinical characteristics of the MESA COPD Study participants by COPD, gas trapping, and 
hyperexpansion status. A, Dyspnea. B, Chronic bronchitis. C, BMI. D, Blood hemoglobin concentration. 
Gas trapping was defi ned as residual volume or residual volume/total lung capacity greater than the upper 
limit of normal. Hyperexpansion was defi ned as functional residual capacity or total lung capacity greater 
than the upper limit of normal or inspiratory capacity/total lung capacity less than the lower limit of 
normal. * P   ,  .05 for comparison with control participants without COPD. mMRC  5  modifi ed Medical 
Research Council. See Figure 1 legend for expansion of other abbreviation.   
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reduced IC/TLC in addition to higher RV and RV/TLC 
( Table 4 ).   Additional adjustment for segmental and 
subsegmental airway lumen diameters did not alter 
the pattern of association between percent emphy-
sema  ,   2 950 HU and absolute lung volumes (e-Table 4). 
Findings were similar when lung volumes were cate-
gorized above or below the relevant limit of normal 
( Table 5 ). 

 The pattern of association observed between percent 
emphysema  ,   2 950 HU and absolute lung volumes 
was similar to that observed for D lco /V a  % pre-
dicted (e-Table 5). The odds of hyperexpansion were 

sex ( P  for interaction  5  .24). In contrast, there was no 
evidence for an association between the odds of hyper-
expansion and airway lumen diameters (OR, 1.1; 
95% CI, 0.86-1.4;  P   5  .35). 

 Similar to results for airway lumen diameter, greater 
%AWT was signifi cantly associated with greater RV 
and RV/TLC but not FRC, TLC, or IC/TLC (e-Table 3). 
AWT was not associated with lung volumes (e-Table 3). 

 Emphysema and Hyperexpansion 

 Greater percent emphysema  ,   2 950 HU was asso-
ciated with signifi cantly higher FRC and TLC and 

 Figure  2. Continued. 
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mography indicates signifi cant contribution of airways 
narrowing, whereas hyperexpansion on plethysmog-
raphy indicates emphysema. In support of these fi nd-
ings, a classic study of COPD subtypes by Burrows et al  36   
demonstrated that despite similar degrees of airfl ow 
obstruction, absence of roentgenologic emphysema 
is associated with an isolated increase in RV/TLC, 
whereas all lung volumes are higher in the presence 
of emphysema. Orlandi et al,  17   reporting only on FRC, 
found a signifi cant bivariate correlation with lung den-
sity but not airway dimensions. Hasegawa et al  16   found 
unadjusted correlations of airway lumen area with 
% predicted RV and RV/TLC but not FRC or TLC. 
Their study did not assess, however, the independent 
contribution of percent emphysema and airway dimen-
sions to lung volume hyperinfl ation or report clinical 
characteristics by pattern of lung volume hyperinfl ation. 

 Clinical characteristics differed according to the 
presence of gas trapping and hyperexpansion. Iso-
lated gas trapping was associated with a higher prev-
alence of chronic bronchitis, a fi nding consistent with 
Burrows et al  36   wherein the nonemphysematous infl am-
matory group had signifi cantly greater sputum vol-
ume and higher prevalence of chronic cough. We also 
observed excess dyspnea with gas trapping indepen-
dent of FEV 1 . Kim et al  37   observed higher dyspnea 
among participants with chronic bronchitis that was 
also associated with greater percent airway wall area; 
however, the extent of emphysema was similar in the 
comparison group, and RV was not reported. The lack 
of dyspnea among participants with isolated hyperex-
pansion   in the present study may refl ect an earlier 
stage of lung disease because dyspnea was common 
among participants with both hyperexpansion and gas 
trapping. Alternatively, this fi nding may be due to par-
tial misclassifi cation of abnormal lung volumes based 
on reference equations or insuffi cient power. 

 Isolated hyperexpansion was associated with lower 
BMI and higher blood hemoglobin concentration. Con-
sistent with these observations, Ogawa et al  38   observed 
lower BMI among individuals with emphysema-
dominant COPD; however, measures of hyperexpan-
sion were not reported in their study. Early hematologic 
studies of emphysema reported mild or inconsistent 
increases in hemoglobin concentration, with some 
authors postulating a mechanism of depressed eryth-
ropoiesis due to chronic airways infec tion.  39-42   Although 
not directly tested in the present study, this hypoth-
esis may be supported by the contrasting hemoglobin 
levels with isolated hyperexpansion (ie, emphysema-
predominant COPD) and isolated gas trapping (ie, 
airways-predominant COPD). 

 Together, the observed clinical and structural corre-
lates of hyperinfl ation suggest that therapies targeting 
the structural basis of gas trapping and hyperexpansion 
may improve clinical outcomes in COPD. Although 

signifi cantly greater per SD increase in percent 
emphysema  ,   2 950 HU (OR, 2.2; 95% CI, 1.4-3.6; 
 P   5  .001), as were the odds of gas trapping (OR, 2.1; 
95% CI, 1.3-3.4;  P   5  .002). 

 Clinical Characteristics of Gas Trapping 
and Hyperexpansion 

 Compared with participants without COPD, those 
with gas trapping, hyperexpansion, or both were 
younger and trended toward higher prevalence of 
current smoking ( Table 6 ).  Participants with isolated 
gas trapping had smaller airway lumen diameters, 
greater dyspnea, and higher prevalence of chronic 
bronchitis compared with participants without COPD 
( Table 6 ,  Figs 2A, 2B ).  Those with isolated hyperex-
pansion had lower BMI, lower D lco /V a  % predicted, 
higher percent emphysema  ,   2 950 HU, and higher 
hemoglobin concentration and trended toward lower 
Sp o  2  ( Table 6 ,  Figs 2C, 2D ). Those with both gas 
trapping and hyperexpansion were more likely to be 
men and have severe COPD, smaller airway lumen 
diameters, greater percent emphysema  ,   2 950 HU, 
lower D lco /V a  % predicted, greater dyspnea, lower 
Sp o  2 , and higher hemoglobin concentration ( Table 6 , 
 Figs 2A, 2D ). Finally, participants with COPD in the 
absence of gas trapping and hyperexpansion had milder 
COPD, lower D lco /V a  % predicted, and higher per-
cent emphysema  ,   2 950 HU compared with control 
participants ( Table 6 ). All associations remained sta-
tistically signifi cant in models adjusting for age, sex, 
BMI, and current smoking status, except for the higher 
hemoglobin concentration among participants with 
both gas trapping and hyperexpansion ( P   5  .10). 

 Discussion 

 Among current and former smokers with COPD, 
gas trapping on plethysmography was associated with 
smaller airway lumen diameters, greater dyspnea, and 
higher prevalence of chronic bronchitis. In contrast, 
hyperexpansion on plethysmography was associated 
with greater percent emphysema, lower BMI, and 
higher hemoglobin concentration. Presence of both 
gas trapping and hyperexpansion was associated with 
smaller airway lumen diameters and greater percent 
emphysema in addition to severe airfl ow obstruction, 
greater dyspnea, and higher hemoglobin concentra-
tion. Together, these fi ndings demonstrate hetero-
geneity in COPD with respect to the structural and 
clinical correlates of hyperinfl ation. 

 COPD has long been recognized as a heterogeneous 
disorder of airways and parenchyma, with a common 
end result of reduced FEV 1  and FEV 1 /FVC.  31,35   The 
present fi ndings suggest that gas trapping on plethys-
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with lung structure and clinical characteristics. Gas 
trapping was independently associated with smaller 
segmental and subsegmental airway lumen diameters, 
greater dyspnea, and higher prevalence of chronic 
bronchitis. Hyperexpansion was associated with greater 
percent emphysema, lower BMI, and higher blood 
hemoglobin concentration. Absolute lung volumes 
provide insight into clinical COPD phenotypes and 
should not be considered equivalent in their estima-
tion of hyperinfl ation. 
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