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Abstract

OBJECTIVE—This study evaluates the relationships between quantitative CT (QCT) and

spirometric measurements of disease severity in cigarette smokers with and without chronic

obstructive pulmonary disease (COPD).

MATERIALS AND METHODS—Inspiratory and expiratory CT scans of 4062 subjects in the

Genetic Epidemiology of COPD (COPDGene) Study were evaluated. Measures examined

included emphysema, defined as the percentage of low-attenuation areas ≤ −950 HU on

inspiratory CT, which we refer to as “LAA-950I”; air trapping, defined as the percentage of low-

attenuation areas ≤ −856 HU on expiratory CT, which we refer to as “LAA-856E”; and the inner

diameter, inner and outer areas, wall area, airway wall thickness, and square root of the wall area

of a hypothetical airway of 10-mm internal perimeter of segmental and subsegmental airways.

Correlations were determined between spirometry and several QCT measures using statistics

software (SAS, version 9.2).

RESULTS—QCT measurements of low-attenuation areas correlate strongly and significantly (p

< 0.0001) with spirometry. The correlation between LAA-856E and forced expiratory volume in 1

second (FEV1) and the ratio of FEV1 to forced vital capacity (FVC) (r = −0.77 and −0.84,

respectively) is stronger than the correlation between LAA-950I and FEV1 and FEV1/FVC (r =

−0.67 and r = −0.76). Inspiratory and expiratory volume changes decreased with increasing

disease severity, as measured by the Global Initiative for Chronic Obstructive Pulmonary Disease

(GOLD) staging system (p < 0.0001). When airway variables were included with low-attenuation

area measures in a multiple regression model, the model accounted for a statistically greater

proportion of variation in FEV1 and FEV1/FVC (R2 = 0.72 and 0.77, respectively). Airway

measurements alone are less correlated with spirometric measures of FEV1 (r = 0.15 to −0.44) and

FEV1/FVC (r = 0.19 to −0.34).
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CONCLUSION—QCT measurements are strongly associated with spirometric results showing

impairment in smokers. LAA-856E strongly correlates with physiologic measurements of airway

obstruction. Airway measurements can be used concurrently with QCT measures of low-

attenuation areas to accurately predict lung function.
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Chronic obstructive pulmonary disease (COPD) recently became the third leading cause of

death in the United States [1], with an estimated 24 million affected individuals [2]. COPD

is strongly associated with cigarette smoking but not all smokers will develop COPD,

suggesting possible genetic differences in susceptibility to the adverse effects of cigarette

smoke [3]. The Genetic Epidemiology of COPD (COPDGene) Study [4] is a multicenter

observational study designed to identify genetic factors associated with COPD in a large

cohort (10,000) of subjects including smokers with COPD across the range of disease

severity, as measured by the Global Initiative for Chronic Obstructive Pulmonary Disease

(GOLD) staging system (GOLD stages 1–4), and smokers without COPD as control

subjects. Inspiratory and expiratory chest CT examinations were acquired of all subjects in

the COPDGene Study using a standardized protocol.

Quantitative CT (QCT) has the potential to quantify inspiratory and expiratory low-

attenuation areas as distinct components of COPD [5], which may be important for

phenotyping the disease and for devising individualized treatment. Phenotypic

characterization of COPD subjects using QCT together with clinical and physiologic

measures will enable the broad COPD syndrome to be classified into clinically significant

subtypes. The evolution toward improved treatments for COPD including molecular

(personalized) medicine requires quantitative test results [6]. The goal of QCT in the setting

of COPD is to exploit quantitative imaging biomarkers as surrogate endpoints for disease

characterization and to develop methods for accurate and reproducible measurements of

biologically relevant processes [7]. This study shows relationships between QCT and

spirometry for validation of quantitative imaging in the COPDGene Study. With renewal of

the COPDGene Study, future work will include longitudinal studies assessing phenotypic

subtypes, genetics, and lung cancer.

Quantitative imaging serves as a biomarker by representing disease features seen on CT

images. Lung segmentation and densitometry measurements have been used extensively to

quantify COPD [8–11]. The 3D airway tree has been used for lung lobe identification and

airway measurements [12–14]. Multiple studies have shown substantial progress in using

CT to quantify emphysema (defined as the percentage of low-attenuation areas ≤ −950 HU

on inspiratory CT, which we refer to as “LAA-950I”) [15–20] and air trapping (defined as

the percentage of low-attenuation areas ≤ −856 HU on expiratory CT, which we refer to as

“LAA-856E”) as measures of small airways disease. However, to our knowledge, there has

been no large-scale study evaluating the relationship between physiologic impairment and
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QCT indexes of both inspiratory and expiratory relative areas (including lobar data) and no

large-scale study linking QCT airway measurements to spirometric measures.

This study evaluates the relationships between several QCT measures, including density,

volume, and airway measurements, against spirometric measures of disease severity in

cigarette smokers with and without COPD. We hypothesized that QCT density measures can

be used as an accurate predictor of COPD and functional impairment by accurately

predicting and confirming spirometric measurements. We further believe that airway

measures used in combination with QCT density measures will provide an increase in

correlation with functional measures of obstructive lung disease.

Materials and Methods

The COPDGene Study design article [4] describes the overall methods, population, and

procedures used to analyze 10,000 subjects in the COPDGene Study, a prospective study

approved by the institutional review board of each of the 21 participating clinical study

centers. Oral consent and written consent were obtained from each subject before inclusion

in the study.

Inclusion and Exclusion Criteria

Eligible subjects were between the ages of 45 and 80 years and had a smoking history of at

least 10 pack-years. All subjects were non-Hispanic whites or non-Hispanic African

Americans. Subjects did not have concomitant respiratory disorders other than asthma or

COPD.

Subjects

Of the 10,000-subject cohort, 4542 subjects had complete airway and inspiratory lobe-by-

lobe volumetric data available for analysis; 30 did not have expiratory CT. QCT data were

suppressed from the cohort if scans showed extreme motion or had other technical

inadequacies (e.g., nonprotocol reconstruction kernel, low exposure, or a value of > 1 for the

ratio of functional residual capacity [FRC] to total lung capacity [TLC]). Also excluded

were 450 smokers with a reduced value for forced expiratory volume in 1 second (FEV1)

who did not meet the criteria for COPD because of a normal FEV1-to–forced vital capacity

(FVC) ratio. The resultant dataset consists of a total of 4062 subjects: 1917 smokers without

COPD (no spirometric evidence of airway obstruction) who served as control subjects, 363

subjects with GOLD stage 1 disease, 867 subjects with GOLD stage 2 disease, 575 subjects

with GOLD stage 3 disease, and 340 subjects with GOLD stage 4 disease [21] (Table 1).

The cohort consists of 2247 men (55%) and 1815 women (45%) and 3054 non-Hispanic

whites (75%) and 1008 African-Americans (25%). The average age of the subjects is 60.8

years (SD, 9.2). The average number of pack-years, which the American Thoracic Society

defines as the number of packs of cigarettes smoked every day multiplied by the total

number of smoking years, for the subjects was 45.8 pack-years (SD, 25.7).
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Image Acquisition

The subjects underwent two volumetric chest CT examinations: one at full inspiration (TLC)

and one at the end of a normal expiration (FRC). These scans were reconstructed with a slice

thickness of 0.625, 0.75, or 0.9 mm depending on the manufacturer of the CT unit;

corresponding slice intervals were 0.625, 0.5, or 0.45 mm, respectively, to achieve near-

isotropic voxels. Three manufacturers and 11 different CT scanner models were used in the

study: 1083 subjects were scanned on 16-detector scanners; 12, on 40-detector; 1667, on 64-

detector; and 1300, on 128-detector. Inspiratory scans were acquired at 200 mAs and

expiratory scans, at 50 mAs; all scans were acquired at 120 kVp. Standard B31f or B

reconstruction kernels, depending on the manufacturer, were used to achieve medium

smooth images. CT dose modulation and IV contrast agents were not used for this study.

The average effective tube current–exposure time product was 45.33 mAseff for expiratory

scans and 180 mAseff for inspiratory scans, and pitch values ranged from 0.923 to 1.375

depending on the manufacturer and scanner model. The complete CT protocols for the

COPDGene Study are provided in the supplementary material of [22].

Imaging Core

Patient-identifying information was removed from the scans at each study site in a HIPAA-

compliant fashion. Each examination (DICOM images submitted on DVD) underwent

quality assurance by a trained research analyst to ensure compliance with rigorous study

protocols.

Image Processing

Image analysis of all CT examinations was performed using specialized software

(Pulmonary Workstation, version 2, VIDA Diagnostics). Automated segmentation of the

right and left lungs from the chest wall and mediastinum was performed. Lung lobe

segmentation was usually automated; however, manual edits were performed when

necessary. Airway tree growth and analyses were usually automated using the Pulmonary

Workstation software, but trained analysts intervened when necessary. Automated

segmentation was performed using methods that have been validated with manual

techniques [23]. Measurements were performed at the segmental (fourth-generation) and

subsegmental (fifth-generation) airways, with the trachea defined as the first generation. The

airways measurements included the following: outer and inner areas (measured in

millimeters squared); inner diameter (measured in millimeters); inner perimeter (measured

in millimeters); airway wall thickness (measured in millimeters); wall area (measured in

millimeters squared and measured as a percentage); and square root of the wall area of a

hypothetical airway of 10-mm internal perimeter, which we refer to as “Pi10” (measured in

millimeters). With the exception of Pi10 measurements, all airway measurements were

obtained along the centerline of the lumen and in the middle third of the airway segment.

These airway measures were determined by taking the average of all airway segments at the

fourth or fifth generation, respectively. Pi10 was calculated by performing a linear

regression of all airways with an inner perimeter of 8–20 mm and interpolating a value at 10

mm [24].

Schroeder et al. Page 4

AJR Am J Roentgenol. Author manuscript; available in PMC 2014 June 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



For feature extraction on QCT, emphysema was defined as the percentage of lung pixels

with an attenuation of −950 HU or less on inspiratory CT (i.e., LAA-950I) and air trapping

was defined as the percentage of lung pixels with an attenuation of −856 HU or less on

expiratory CT (i.e., LAA-856E). CT total lung capacity (TLCCT) was defined as the

segmented lung volume on inspiratory CT, and CT functional residual capacity (FRCCT)

was defined as the segmented lung volume on expiratory CT. Mean lung attenuation values

were recorded for both inspiratory CT and expiratory CT. Additional CT density measures

were also examined including the mean lung attenuation value at the 15th percentile, the

percentage of lung pixels with an attenuation of −910 HU or less and of −856 HU or less on

inspiratory CT, and the percentage of lung pixels with an attenuation of −950 HU or less and

of −910 HU or less on expiratory CT. Measures of LAA-950I and LAA-856E and volumes

were determined for the upper lobes (right upper lobe [RUL] + right middle lobe [RML] +

left upper lobe [LUL]) and the lower lobes (right lower lobe [RLL] + left lower lobe [LLL]).

Lung segmentation, lobe segmentation, and airway tree growth were performed by multiple

analysts, all of whom received standardized instructions and training in thoracic anatomy

and specific aspects of the software. During this training period, these measures were

examined and evaluated by a senior analyst. To determine the reproducibility of measures

between and within analysts, we compared measures of a cohort of 32 subjects

independently analyzed by two trained analysts. All compared measures were shown to have

very high correlation between analysts, with r values ranging from 0.85 for airway measures

to 0.99 for density and volume measures.

Pulmonary Function Tests

All spirometry data were collected using an EasyOne spirometer (ndd Medical

Technologies) and were reviewed centrally by the pulmonary function test quality assurance

core analyst of the COPDGene Study to ensure quality control. Spirometric data were

typically collected the same day as the acquired CT studies (mean time between spirometry

and CT, 0.31 hours).

Statistical Analysis

Linear regressions of relative area and airway measures, along with correlations between

QCT variables and GOLD stage, were performed using statistics software (SAS/STAT

software package, version 9.2, SAS Institute) for Microsoft Windows 7. A one-way analysis

of variance between QCT variables and GOLD stage and multiple regressions to estimate

functional measures from QCT measures were also performed using SAS software. For this

model, functional measures were log10-transformed to ensure a distribution of residuals

closer to normal. QCT variables included in this model were confirmed to be significant by

performing both stepwise and backward elimination methods; variables remained in the

model as long as p < 0.10. For multiple regression results, correlation is reported in R2

because R2 is the proportion of variation in the response accounted for by the regression

model. For the univariate correlations between QCT variables and FEV1 (measured as the

percent predicted) and FEV1/FVC ratio, 95% CIs were estimated using 10,000 bootstrap

replications using R software (version 2.15.0, R Project for Statistical Computing) [25–27].
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Bootstrap techniques are useful when the assumptions for a common normal-theory method

such as the calculation of a CI for a correlation may not be satisfied [25, 26].

Results

Whole-Lung Analysis

Table 2 summarizes the QCT parameters of inspiratory and expiratory low-attenuation areas

for whole-lung analysis by GOLD stage. For whole-lung analysis, Table 2 shows

progressively increasing LAA-950I and LAA-856E for increasing GOLD stage and COPD

disease severity. Mean LAA-950I and LAA-856E values progressively increased with

increasing GOLD stage (p < 0.001).

Inspiratory and expiratory lung densitometry metrics of LAA-950I, LAA-856E, and mean

lung attenuation at the 15th percentile, as well as the difference in CT volume (TLC – FRC)

and difference in mean lung attenuation (i.e., mean lung attenuation on inspiratory CT minus

mean lung attenuation on expiratory CT), were compared with functional measures to

determine the extent of emphysema and air trapping. For air trapping, LAA-856E correlation

for both FEV1 and FEV1/FVC (r = −0.77 and −0.84, respectively). Emphysema showed

similar results, with LAA-950I showing the highest correlation for FEV1 and FEV1/FVC (r

= −0.67 and −0.76, respectively). Other measures, such as the difference in mean lung

attenuation, showed very high correlation with spirometric measures also. Table 3 shows

these results compared with the entire cohort. To determine the effect of asthma on

expiratory air trapping measures, we excluded subjects with self-reported asthma (n = 1949)

and repeated the analyses. The results were very similar, with LAA-856E again showing the

greatest correlation for both FEV1 and FEV1/FVC (r = −0.73 and −0.82, respectively).

Compared with other lung densitometry metrics summarized in Table 2 for inspiratory CT,

the definition of emphysema as the percentage of lung pixels ≤ −950 HU (i.e., LAA-950I)

shows the most consistent progressive change across GOLD stage. For expiratory CT, the

lung densitometry metrics summarized in Table 2 also change across GOLD stage; the

percentage of lung pixels ≤ −856 HU (i.e., LAA-856E) shows the greatest change. Both

TLCCT and FRCCT increase across GOLD stage (Table 2).

Figure 1 provides the correlations between whole-lung QCT parameters and FEV1 and

FEV1/FVC ratio. Both inspiratory and expiratory low-attenuation area measurements

correlate strongly with physiologic measures of disease severity from pulmonary function

tests. The correlations between whole-lung LAA-856E and FEV1 and FEV1/FVC are

stronger than the corresponding correlations for whole-lung LAA-950I.

Lung Lobar Analysis by Upper Lobes (Including the Right Middle Lobe) and Lower Lobes

To simplify analysis of lobar differences, we categorized lobar parameters into upper lobes

and lower lobes. We included the RML with the upper lobes because it is homologous with

the LUL. Table 2 summarizes QCT results categorized by the upper lobes, defined to

include the RML, and the lower lobes. Both inspiratory and expiratory low-attenuation area

measures are higher in the upper lobes (RUL + RML + LUL) compared with the lower lobes

(RLL + LLL) and progressively increase with increases in disease severity (GOLD stages 1–
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4) (Fig. 2). The same analyses were also performed excluding the RML with similar results

(data not shown).

For smoker control subjects and subjects with COPD (GOLD stages 1–4), most of the

volume change between inspiratory CT and expiratory CT is in the lower lobes (Fig. 3).

Both upper lobe (RUL + RML + LUL) and lower lobe (RLL + LLL) inspiratory-expiratory

volume changes (measured as a percentage) decrease progressively as GOLD stage

increases (p < 0.001) (Table 2). For subjects with greater disease severity by GOLD stage,

there is a decreased difference (measured as a percentage) in volume change between

inspiration CT and expiration CT and there is relatively greater loss in emptying of the lower

lobes compared with the upper lobes (Fig. 3). For very severe COPD (GOLD stage 4), the

difference in lobe volume change (measured as a percentage) among the upper lobes

narrows to −3.3% compared with −10.2% for smoker control subjects (Table 2), with the

negative sign indicating a greater volume change in the lower lobes compared with the

upper lobes. Upper lobe–lower lobe differences in LAA-856E were determined to be

statistically significant between all GOLD stages (p < 0.0001); however, the differences

were largest for GOLD stages 1 and 2.

Airway Measures

Measures of inner diameter, inner perimeter, inner area, outer area, airway wall thickness,

wall area, and Pi10 were determined. Each of these values alone showed very poor

correlation to both FEV1 (r = 0.15 to −0.44) and FEV1/FVC (r = 0.19 to −0.34) for all

subjects in the cohort (Table 4). We performed similar analysis for subsegmental airways

with similar results for both FEV1 (r = 0.12– 0.38) and FEV1/FVC (r = 0.16–0.33).

Multiple Regression Model

Six segmental airway variables (outer area, inner area, inner diameter, inner perimeter,

airway wall thickness, and Pi10) were combined into a multiple regression model along with

change in CT volume, change in mean lung attenuation value, LAA-950I, and LAA-865E to

predict values of FEV1 and FEV1/FVC. Of these variables, three were determined to be

statistically useful to the model: inner diameter, airway wall thickness, and Pi10; these three

variables gave a strong correlation to FEV1 and FEV1/FVC (R2 = 0.72 and 0.77,

respectively). Table 3 gives the results of these models and the partial R2 provided by each

included variable. When these models were repeated using subsegmental airway data in

place of segmental airway data, correlations to both FEV1 and FEV1/FVC were unaffected

(R2 = 0.71 and 0.76, respectively). When Pi10 was removed from the model that included

fourth-generation airway measures, correlations to both FEV1 and FEV1/FVC did not

noticeably change (R2 = 0.70 and 0.76, respectively). Because of the large number of

subjects in this study, we can be sure of a small effect on the overall R2 values for variables

included in the model; however, all were considered to be statistically significant (p <

0.0001).
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Discussion

The results of this investigation strongly support our hypothesis that QCT assessments of

inspiratory and expiratory low-attenuation areas correlate with airflow obstruction assessed

by measures of FEV1 and FEV1/FVC and that these parameters increase in severity with

increasing GOLD stage. Statistical analysis suggests that CT-determined LAA-856E is most

strongly associated with decline in airflow in patients with COPD. Lobe-by-lobe analysis

suggests that low-attenuation area measures on both inspiratory and expiratory CT in all

lung lobes contribute to physiologic impairment. Differences between the upper lobes and

lower lobes are greatest for LAA-856E in patients with mild GOLD stage 1 and stage 2

COPD; these findings suggest that there are regional differences in early small airways

disease, with small airways disease being predominant in the upper lobes. There is less of a

difference between upper lobe and lower lobe LAA-856E values in patients with severe

GOLD stage 4 COPD than in those with the lower GOLD stages of COPD.

CT is uniquely able to detect, classify, and quantify LAA-950I in adults. Quantitative

assessment of low-attenuation areas is most often based on determining the percentage of

lung pixels below a specific threshold, such as −910 or −950 HU (density mask technique)

[28–32]. The relationship between the extent of LAA-950I on QCT and the presence of

pathologic emphysema is well established [28]. Bankier et al. [30] reported that QCT

measurements correlated better with macroscopic measurements of emphysema than visual

CT scoring. Madani et al. [32] reported that the best correlation between QCT and

macroscopic and microscopic measures of emphysema was obtained using a density mask

technique with a threshold level of −960 or −970 HU, although the correlation for a

threshold of −950 HU was almost as high. Because of concerns that a threshold of −960 or

−970 HU might exclude milder degrees of emphysema, we selected a threshold of −950 HU

for the purposes of this study. As in our study, several previous QCT studies have shown

moderate correlations between CT measures of LAA-950I and FEV1 and FEV1/FVC ratio

[15–18].

Multiple studies of individuals with asthma have shown that there is a strong relationship

between QCT evidence of expiratory air trapping and spirometric abnormality [33–36].

Most of these studies have used a threshold-based density mask technique similar to that

used in our study, with threshold values ranging between −856 and −910 HU. In subjects

with severe asthma, Busacker et al. [34] used a threshold for assessing air trapping of −850

HU on chest CT scans obtained at FRC. The selection of −856 HU as the threshold for air

trapping on expiratory CT is based on the fact that −856 HU is the mean attenuation of

normally inflated lung (≈ 6 mL air per gram of lung) on inspiration [36]: Therefore, in a

normal lung, the attenuation should be higher than −856 HU on expiration. There have been

relatively few studies that have evaluated the relationship between expiratory CT and

airflow limitation in cigarette smokers with or without COPD [19, 20]. The results of our

study confirm that there is a strong relationship between air trapping measured on expiratory

CT and expiratory airflow obstruction assessed by FEV1 and FEV1/FVC ratio; these

findings suggest that this measure provides a robust independent measure of airflow

obstruction.
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Revel et al. [37] have documented that lobar segmentation of LAA-950I correlates with

visual assessment of emphysema, but we are unaware of other studies that have evaluated

the quantitative lobar extent of emphysema and air trapping and their relationship to COPD

severity. Our study suggests that smokers with normal spirometry results and those with

mild COPD are characterized by air trapping and emphysema that is more marked in the

upper lungs. In patients with more severe COPD, emphysema and air trapping are more

diffuse and the difference between the upper and lower lobes decreases. For subjects with

greater disease severity as measured by GOLD stage, the percentage difference in volume

change between inspiratory CT and expiratory CT is less compared with the lower GOLD

stages and there is loss in the ability to empty the lower lobes compared with the upper lobes

on expiratory imaging.

Coxson [38] suggested that airways that are responsible for airflow limitations (< 2 mm

internal diameter) are smaller than available QCT resolution. Our findings agree with that

theory. At either the segmental (fourth-generation) or subsegmental (fifth-generation)

airway level, there is modest correlation between functional or density measures and

available airway measures. Measurement beyond the subsegmental level, however, is likely

to be limited by CT spatial resolution and is highly dependent on CT scanner and protocol

parameters. Although Hasegawa et al. [39] described improved correlation coefficients (r)

with FEV1 for airways becoming smaller from segmental (fourth generation) to

subsegmental (fifth generation) and successively smaller sixth and seventh generation

airways in selected pathways, our analysis shows little difference in correlation coefficients

with FEV1 for segmental (r = 0.15–0.41) and subsegmental (r = 0.12–0.38) airway levels

(data not shown for subsegmental airways). Tight clustering and similar measurements of

airway luminal area across FEV1 at the subsegmental level (Fig. 4), for example, may

indicate airway measurements approaching a spatial limitation constraint due to CT voxel

size. Although our analyses indicate that currently available airway measures may not be

useful to independently predict spirometric values, we have shown that including them in a

multiple regression model along with density measures will better predict functional

measures of the lungs [40, 41]. It is important to point out that these limitations of airway

measurements are specific only to correlation between QCT airway measures and

spirometry. Han et al. [22] have recently shown that airway wall measurements may be

useful for predicting acute exacerbations of COPD.

QCT is associated with multiple limitations. There is substantial variation in measurement of

CT attenuation of the lung by different scanner models; reconstruction algorithms; and CT

protocol parameters including voxel size, tube voltage (kVp), and tube current–exposure

time product (mAs); these variations support the importance of phantom studies [42].

Additionally, the CT attenuation values are affected by variation in inspiratory and

expiratory lung volumes and acquisition techniques. However, the strong correlations

identified in this study suggest that variation due to these technical factors may be relatively

small.

There were several limitations to this study. Because of the size and number of associated

clinical centers, a large variety of CT scanner manufacturers and models were represented in

this study; however, the protocols were designed to minimize these differences.

Schroeder et al. Page 9

AJR Am J Roentgenol. Author manuscript; available in PMC 2014 June 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Furthermore, although phantom lung objects were scanned for this study, no corrections

were performed to ensure consistent measures across scanners. Last, full-body

plethysmography was not performed as part of the COPDGene Study; therefore, measures

such as diffusion capacity of the lung for carbon monoxide (DLCO) and true TLC were not

determined.

We conclude that QCT measurements of inspiratory and expiratory low-attenuation areas

are strongly associated with spirometric impairment in cigarette smokers. Although

univariate correlation between airway measures and spirometric impairment is less strong,

inclusion of these measures in the multiple regression model strengthens the correlation. In

particular, air trapping on expiratory imaging measured as LAA-856E strongly correlates

with physiologic measurements of airway obstruction.
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Fig. 1.
Correlation of quantitative CT parameters with physiologic measurements from spirometry

grouped by disease severity as measured by Global Initiative for Chronic Obstructive

Pulmonary Disease (GOLD) staging system for 4062 subjects.

A, Sample inspiratory CT scan shows lobar segmentation in a subject with a smoking

history of at least 10 pack-years. Red = right upper lobe, purple = right middle lobe, brown =

right lower lobe, green = left upper lobe, blue = left lower lobe.

B, Scatterplot shows percentage of low-attenuation areas ≤ −950 HU on inspiratory CT,

which we refer to as “LAA-950I,” and forced expiratory volume in 1 second (FEV1). Line

shows best-fit linear correlation. Blue = control subjects (smokers without COPD), red =

subjects with GOLD stage 1 disease, green = subjects with GOLD stage 2 disease, brown =

subjects with GOLD stage 3 disease, purple = subjects with GOLD stage 4 disease.

C, Scatterplot shows LAA-950I and ratio of FEV1 to forced vital capacity (FVC). Line

shows best-fit linear correlation. Blue = control subjects (smokers without COPD), red =

subjects with GOLD stage 1 disease, green = subjects with GOLD stage 2 disease, brown =

subjects with GOLD stage 3 disease, purple = subjects with GOLD stage 4 disease.
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D, Sample expiratory CT scan shows lobar segmentation in a subject with a smoking history

of at least 10 pack-years. Red = right upper lobe, purple = right middle lobe, brown = right

lower lobe, green = left upper lobe, blue = left lower lobe.

E, Scatterplot shows percentage of low-attenuation areas ≤ −856 HU on expiratory CT,

which we refer to as “LAA-856E,” and FEV1. Line shows best-fit linear correlation. Blue =

control subjects (smokers without COPD), red = subjects with GOLD stage 1 disease, green

= subjects with GOLD stage 2 disease, brown = subjects with GOLD stage 3 disease, purple

= subjects with GOLD stage 4 disease.

F, Scatterplot shows LAA-856E and FEV1/FVC ratio. Line shows best-fit linear correlation.

Blue = control subjects (smokers without COPD), red = subjects with GOLD stage 1

disease, green = subjects with GOLD stage 2 disease, brown = subjects with GOLD stage 3

disease, purple = subjects with GOLD stage 4 disease.
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Fig. 2.
Percentage of low-attenuation areas ≤ −856 HU on expiratory CT, which we refer to as

“LAA-856E,” and percentage of low-attenuation areas ≤ −950 HU on inspiratory CT, which

we refer to as “LAA-950I.” Values are shown for upper lobes (right upper lobe [RUL] +

right middle lobe [RML] + left upper lobe [LUL]) and lower lobes (right lower lobe [RLL]

+ left lower lobe [LLL]). LAA-856E and LAA-950I values increase progressively with

Global Initiative for Chronic Obstructive Pulmonary Disease (GOLD) stage.

A and B, Bar graphs show LAA-856E (A) and LAA-950I (B) values for upper and lower

lobes grouped by GOLD stage.
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Fig. 3.
Change in lung volume (inspiratory CT– expiratory CT) in upper lobes (right upper lobe

[RUL] + right middle lobe [RML] + left upper lobe [LUL]) and lower lobes (right lower

lobe [RLL] + left lower lobe [LLL]). Quantitative CT parameters are shown by Global

Initiative for Chronic Obstructive Pulmonary Disease (GOLD) stage. Inspiratory-expiratory

change in lung volume is normally substantially greater in lower lungs than in upper lungs,

and this upper lobe–lower lobe difference is much smaller in subjects with more advanced

chronic obstructive lung disease.
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Fig. 4.
Inspiratory airway luminal area and forced expiratory volume in 1 second (FEV1) grouped

by disease severity as measured by Global Initiative for Chronic Obstructive Pulmonary

Disease (GOLD) staging system for 4062 subjects.

A, Sample airway tree with lobar overlay in a subject with a smoking history of at least 10

pack-years. Red = right upper lobe, purple = right middle lobe, brown = right lower lobe,

green = left upper lobe, blue = left lower lobe.

B and C, Scatterplots show inspiratory airway luminal area in segmental (fourth-generation)

(B) and subsegmental (fifth-generation) (C) airways and FEV1 by GOLD stage. Line shows

best-fit linear correlation.. Blue = control subjects (smokers without COPD), red = subjects

with GOLD stage 1 disease, green = subjects with GOLD stage 2 disease, brown = subjects

with GOLD stage 3 disease, purple = subjects with GOLD stage 4 disease.
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TABLE 3

Multiple Regression Models for Log10 Values of Forced Expiratory Volume in 1 Second (FEV1) and Ratio of

FEV1 to Forced Vital Capacity (FVC)

Multiple Regression Results

Quantitative CT Results Estimate Error t Valuea Increase in R2

Log10 of FEV1
b: (R2 = 0.72)

  Intercept 2.911 0.064 45.76 —

  % LAA-950I −0.005 0.000 −15.22 0.51

  % LAA-856E −0.005 0.000 −33.31 0.13

  Inner diameter of segmental airway, fourth generation (mm) 0.071 0.004 19.84 0.04

  Airway wall thickness of segmental airway, fourth generation (mm) −0.228 0.019 −11.88 0.02

  Pi10 −0.252 0.016 −15.96 0.02

Log10 of FEV1/FVCc: (R2 = 0.77)

  Intercept 0.151 0.040 3.81 —

  % LAA-950I −0.004 0.000 −20.45 0.62

  % LAA-856E −0.004 0.000 −37.94 0.12

  Inner diameter of segmental airway, fourth generation (mm) 0.035 0.002 15.87 0.02

  Airway wall thickness of segmental airway, fourth generation (mm) −0.082 0.012 −6.88 0.01

  Pi10 −0.081 0.010 −8.26 0.00

Note—Dash (—) indicates not applicable. LAA-950I = percentage of low-attenuation areas ≤ −950 HU on inspiratory CT, LAA-856E =

percentage of low-attenuation areas ≤ −856 HU on expiratory CT, Pi10 = square root of the wall area of a hypothetical airway of 10-mm internal
perimeter.

a
All corresponding p values are ≤ 0.0001.

b
FEV1 is the amount of air that can be forcibly exhaled from the lungs in the first second of a forced exhalation.

c
The FEV1/FVC ratio is the percentage of the total amount of air exhaled from the lungs during the first second of forced exhalation.
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TABLE 4

Correlation of Inspiratory and Expiratory Quantitative CT (QCT) Results With Functional Measures

Pulmonary Function Tests (n = 4062)

Correlation Coefficient (r)
95% CIs of Correlation Coefficients
With 10,000 Bootstrap Replications

QCT Results FEV1
a FEV1/FVCb FEV1

a FEV1/FVCb

Inspiratory CT

  % LAA-950I −0.67 −0.76 −0.68 to −0.65 −0.77 to −0.74

  Attenuation, 15th percentile 0.55 0.69 0.53–0.58 0.68–0.71

Expiratory CT

  % LAA-856E −0.77 −0.84 −078 to −0.75 −0.85 to −0.83

  Attenuation, 15th percentile 0.71 0.80 0.69–0.72 0.79–0.81

  ΔVolume (TLCc–FRCd) 0.41 0.27 0.39–0.44 0.24–0.30

  Δ Mean lung attenuation 0.69 0.71 0.67–0.70 0.70–0.73

Airway variables (segmental, fourth generation)

  Inner diameter (mm) 0.41 0.34 0.38–0.43 0.31–0.37

  Airway wall thickness (mm) 0.15 0.19 0.12–0.19 0.16–0.22

  Outer area (mm2) 0.35 0.31 0.33–0.38 0.28–0.33

  Inner area (mm2) 0.37 0.31 0.35–0.40 0.28–0.33

  Inner perimeter (mm) 0.39 0.32 0.36–0.41 0.29–0.35

  Wall area (%) −0.44 −0.34 −0.46 to −0.41 −0.36 to −0.31

  Wall area (mm2) 0.30 0.28 0.27–0.33 0.25–0.31

  Pi10 −0.33 −0.22 −0.36 to −0.30 −0.25 to −0.19

Note—FEV1 = forced expiratory volume in 1 second, FVC = forced vital capacity, LAA-950I = percentage of low-attenuation areas ≤ −950 HU on

inspiratory CT, LAA-856E = percentage of low-attenuation areas ≤ −856 HU on expiratory CT, TLC = total lung capacity, FRC = functional

residual capacity, Pi10 = square root of the wall area of a hypothetical airway of 10-mm internal perimeter.

a
FEV1 is the amount of air that can be forcibly exhaled from the lungs in the first second of a forced exhalation.

b
The FEV1/FVC ratio is the percentage of the total amount of air exhaled from the lungs during the first second of forced exhalation.

c
Total lung capacity: the amount of air in the lungs after inhaling as deep as possible (inspiratory CT segmented lung volume).

d
Functional residual capacity: the amount of air in the lungs at the end of a normal exhaled breath (expiratory CT segmented lung volume)
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