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Purpose: The aim of this retrospective study was to evaluate correlations between para-
meters of quantitative computed tomography (QCT) analysis, especially the 15th percentile
of lung attenuation (P15), and parameters of clinical tests in a large group of patients with
pulmonary emphysema.

Patients and Methods: One hundred and seventy-two patients with pulmonary emphysema
and chronic obstructive pulmonary disease (COPD) global initiative for chronic obstructive lung
disease (GOLD) stage 3 or 4 were assessed by nonenhanced thin-section CT scans in full
inspiratory and expiratory breath-hold, pulmonary function test (PFT), a 6-minute walk test
(6MWT), and quality of life questionnaires (SGRQ and CAT). QCT parameters included total
lung volume (TLV), total emphysema score (TES), and P15, all measured at inspiration (IN) and
expiration (EX). Differences between inspiration and expiration were calculated for TLV
(TLVpis), TES (TESpig), and P15 (P15p;g). Spearman correlation analysis was performed.
Results: CT-measured lung volume in inspiration (TLVyy) correlated strongly with spiro-
metry-measured total lung capacity (TLC) (r=0.81, p<0.001) and moderately to strongly with
residual volume (RV), forced vital capacity (FVC), and forced expiratory volume in 1 second
(FEV,)/FVC (1=0.60, 0.56, and —0.49, each p<0.001). Lung volume in expiration (TLVgx)
correlated moderately to strongly with TLC, RV and FEV/FVC ratio (r=0.75, 0.66, and
—0.43, each p<0.001). TES and P15 showed stronger correlations with the carbon monoxide
transfer coefficient (KCO%) (r= —0.42, 0.44, both p<0.001), when measured during expira-
tion. P15p; correlated moderately with KCO% and carbon monoxide diffusing capacity
(DLCO%) (= 0.41, 0.40, both p<0.001). The 6MWT and most QCT parameters showed
significant differences between COPD GOLD 3 and 4 groups.

Conclusion: Our results suggest that QCT can help predict the severity of lung function
decrease in patients with pulmonary emphysema and COPD GOLD 3 or 4. Some QCT
parameters, including P15gx and P15p;s, correlated moderately to strongly with parameters
of pulmonary function tests.

Keywords: chronic obstructive pulmonary disease, pulmonary emphysema, quantitative CT,
pulmonary function test

Introduction
Chronic obstructive pulmonary disease (COPD) is the third leading cause of
mortality in industrialized countries." Pulmonary emphysema is characterized by

irreversible hyperinflation of lung parenchyma and is a key contributor to impaired
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lung function in COPD. Patients with pulmonary emphy-
sema have a higher lung volume than healthy people,
whereas the difference in volume between inspiration
and expiration is smaller than in healthy nonsmokers.’”
The pulmonary function test (PFT) is the gold standard for
diagnosing COPD, typically showing a reduced forced
expiratory volume in 1 second (FEV)), an increased total
lung capacity (TLC), and a decreased FEV,/forced vital
capacity (FVC) ratio.! However, the PFT results depend
on how well a patient can cooperate, and the number of
unacceptable and nonrepeatable maneuvers is relatively
higher among older subjects and patients in poor health.*
The latest COPD guidelines emphasize the feasibility and
necessity of various methods for evaluating COPD." While
PFT continues to be the mainstay of diagnosis, quantitative
computed tomography (QCT) analysis has gained impor-
tance in the evaluation of COPD and is increasingly used
to identify and classify emphysema.”® Emphysematous
lung destruction results in the replacement of normal
lung tissue, which has a typical attenuation of approxi-
mately —850 Hounsfield units (HU) on inspiratory CT
scans in healthy humans. Hyperinflation reduces lung
attenuation towards —1000 HU. The normal increase in
lung density from inspiration to expiration is reduced in
COPD due to air trapping/hyperinflation.” CT attenuation
values can quantify the extent of emphysema. Low
attenuation volumes (LAVs) are considered to represent
emphysematous lung parenchyma and reportedly correlate
with the degree of lung function impairment.®

The diagnostic value of QCT for the objective evalua-
tion of pulmonary emphysema has been described for total
lung volume (TLV), the extent of emphysema (threshold-
based identification of LAV), total emphysema score (TES,
i.e. the emphysema index), and mean lung density
(MLD).* ' MLD is the most basic parameter for estimat-
ing emphysema extent. Previous studies have shown that
the MLD derived from expiratory CT scans is a good
predictor of pulmonary ventilation.” Alternatively, indices
of lung attenuation at a given percentile along the HU
histogram, such as the first percentile (P1) or 15th percen-
tile (P15), can be used for the evaluation of emphysema.®
As the emphysema extent increases, the density histogram
shifts towards lower HU values, and the P index decreases.
There is some evidence that the percentile approach is
more robust for longitudinal monitoring of emphysema
and less susceptible to changes in lung volume or conco-
mitant high-attenuation disease (e.g. fibrosis) than MLD."!
Several percentile indices derived from inspiratory scans

were reported to significantly correlate with microscopic
and macroscopic emphysema extent.® Most long-term stu-
dies have used P15, as it is less severely degraded by
image noise and truncation effects than P1.”*'2 We expect
the percentage difference of P15 values measured at
inspiration and expiration (P15p;¢) to be a useful para-
meter for evaluating pulmonary emphysema severity.
P15p;sr might be affected less by patient size than absolute
values acquired in only one respiratory phase and it should
be able to reflect dynamic changes between full inspiration
and expiration. However, P15p;¢ has not yet been investi-
gated in COPD patients.

We conducted a systematic retrospective analysis to cor-
relate QCT parameters measured at inspiration and expira-
tion and the differences between inspiration and expiration
with clinical test results in a large number of patients with
severe COPD. CT-based inspiratory and expiratory TLV,
TES, and P15 and the calculated parameters of the corre-
sponding inspiratory/expiratory differences were compared
with PFT results and scores of the 6-minute walk test
(6MWT), St. George’s Respiratory Questionnaire (SGRQ),
and COPD assessment test (CAT).

Patients and Methods

This study was approved by the local ethics committee/
institutional review board (IRB; Charité Ethikkommission;
Entscheid EA1/213/16). Patient consent to anonymous and
retrospective review of their medical records was not
required by IRB for this retrospective study. The confiden-
tial and anonymous evaluation of the patient data was
guaranteed. The study was conducted in accordance with
the Declaration of Helsinki.

Patients

In this retrospective study, we analyzed 172 pulmonary
emphysema patients that were clinically diagnosed with
severe COPD, Global Initiative for Chronic Obstructive
Lung Disease (GOLD) stage 3 or 4. All patients were eval-
uated for surgical or bronchoscopic lung volume reduction
and underwent noncontrast multislice CT (MSCT) scanning
and a PFT within a span of 30 days in our department from
May 2014 to May 2019 (Table 1). The inclusion criteria for
patients with severe COPD were FEV,/FVC ratio <70% and
FEV, < 50% of the predicted value after bronchodilator
inhalation. COPD was graded according to the 2019 GOLD
guidelines: GOLD 3 (severe): 30% < FEV; < 50% of the
predicted value, GOLD 4 (very severe): FEV; <30% of the
predicted value, both based on postbronchodilator use.' The
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Table | Demographics and Quantitative CT Parameters, Pulmonary Function Test Data, and 6-Minute Walk Test and Clinical Scores

in 172 Patients with COPD GOLD 3 or 4

Parameters Overall GOLD 3 GOLD 4 p-value

Number (%) 172 (100%) 71 (41.3%) 101 (58.7%) -

Age (years) 65.9+6.7 (47~80) 67.1£6.9 (50~80) 65.0+£6.4 (47~80) 0.054

Sex (male/female) 99 (57.6%)/73 (42.4%) 35 (49.3%)/36 (50.7%) 64 (63.4%)/37 (36.6%) 0.067

Quantitative CT measurements
TLV)n (ML) 6751+1383 (3875~10,710) 65661364 (3875~10,710) 6880+1388 (4043~10,305) 0.144
TLVex (mlL) 56311227 (2529~9465) 53161156 (2529~8716) 58531232 (3543~9465) 0.004
TLVpisr (%) 16.3+9.0 (0.3~39.7) 18.7+9.5 (0.3~39.7) 14.6+8.3 (0.3~37.1) 0.003
TESin (%) 28.0£9.5 (6.5~51.6) 25.849.6 (6.5~48.4) 29.549.2 (7.2~51.6) 0.013
TESex (%) 21.6%9.3 (2.0~45.9) 19.1£9.4 (2.0~44.7) 23.34£9.2 (3.5~45.9) 0.004
TESpitr (%) 24.7+16.4 (—2.7~82.3) 28.3+17.7 (—1.3~82.3) 22.1£15.1 (-2.7~67.3) 0.015
P15 (HU) —969+14 (—1003~ —932) —967+15 (—1003~ —932) —971%13 (—993~ —935) 0.057
P15gx (HU) —960+18 (—997~ —889) —956+21 (—997~ —889) —964+16 (—991~ —921) 0.009
P15pi (%) 0.9+0.8(—0.3~5.7) I.1£1.0 (0.1~5.7) 0.8+0.6 (-0.3~3.2) 0.006

Data of clinical pulmonary function tests
FEV, (mL) 767+213 (260~1630) 975+227 (520~1630) 640+190 (260~1030) <0.001
FEV,% (% of predicted) 27.9%+4.6 (12~49) 36.3+4.7 (30~49) 23.2+4.5 (12~29) <0.001
FVC (mL) 2188713 (890~4390) 2663711 (1430~4240) 2144719 (890~4390) <0.001
FVC% (% of predicted) 62.1£13.7 (33~120) 75.1£13.4 (53~120) 59.5%14.3 (33~102) <0.001
TLC (mL) 7361£1374 (4490~11,880) 7337+1523 (4960~11,880) 7378+1293 (4490~11,130) 0.888
TLC% (% of predicted) 121.7£14.7 (98~159) 121.4£12.5 (98~152) 121.8+15.9 (99~159) 0.609
RV (mL) 5019+1136 (2120~8300) 4708+1129 (2120~8130) 51941141 (2290~8300) 0.009
RV% (% of predicted) 217.6+42.9 (104~331) 201.2+36.6 (104~295) 226.9+43.7 (128~331) <0.001
FEV,/FVC (%) 12.7£3.9 (6~25) 14.6+4.3 (8~25) 11.6+3.3 (6~22) 0.001
RVITLC (%) 67.848.0 (43~85) 63.2+7.5 (43~75) 70.418.8 (43~85) <0.001
KCO% (% of predicted, n=95) 34.5+20.3 (25~45.3) 39+18 (33~51) 3021 (23~44) 0.093
DLCO% (% of predicted, n=110) 28.5%14.3 (21.8~36) 33+14 (29~43) 25£12 (17~29) 0.001

Exercise capacity test and scores of

quality of life questionnaires
6MWT (m, n=103) 243.8+107.5 (0~570) 280.8+114.1 (0~570) 219.3£96.3 (0~535) 0.004
SGRQ (score, n=74) 64.6+12.8 (38~98) 61.3£14.1 (38~88) 66.5%11.8 (42~98) 0.093
CAT (score, n=116) 23.616.2 (7~40) 22.5%6.2 (10~36) 24.316.1 (7~40) 0.126

Notes: All PFT parameters recorded here were obtained without short-acting bronchodilators. KCO% and DLCO% are presented as median * interquartile interval

(interquartile range). Other values are presented as n (%) or mean * SD (range).

Abbreviations: COPD, chronic obstructive pulmonary disease; GOLD, global initiative for chronic obstructive lung disease; TLY, total lung volume; TES, total emphysema
score; P15, |5th percentile of lung attenuation distribution curve; IN, inspiration; EX, expiration; Diff, percentage difference between inspiration and expiration; FEV/, forced
expiratory volume in | second; FVC, forced vital capacity; TLC, total lung capacity; RV, residual volume; FEV|/FVC, ratio of FEV, to FVC; RV/TLC, ratio of RV to TLC;
DLCO, carbon monoxide diffusing capacity; KCO, carbon monoxide transfer coefficient; 6MWT, 6-minute walk test; SGRQ, St. George’s Respiratory Questionnaire; CAT,

COPD assessment test.

exclusion criteria (based on a retrospective, blinded review of
chest CT datasets) were active lung diseases such as acute
exacerbation of COPD, pneumothorax, pleural effusion,
extensive ground-glass opacities, suspicious nodules, lung
tumors, relevant atelectasis, consolidation, major scars, thor-
acic deformity, postoperative lung, and poor respiratory coor-
dination. All subjects had a long-term history of cigarette
smoking with a smoking index of more than 20 pack-years.
The results of the 6MWT, SGRQ, and CAT were retrieved

from medical records.

Quantitative Computed Tomography

Patients were randomly assigned to undergo inspiratory and
expiratory nonenhanced CT for emphysema evaluation on
one of two CT scanners (Light Speed Ultra 8 or Revolution
EVO, both General Electric Healthcare, Chicago, IL, USA)
with the same protocol (supine position, two scans of the
whole lung in full inspiratory and expiratory breath-hold)
including standardized scanning parameters (0.625 or
1.25 mm primary slice thickness, slice interval the same
as slice thickness, 120 kV voltage, 100 mA tube current,
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standard (soft) kernel). All patients were thoroughly coa-
ched in breathing techniques prior to the CT scan.
Quantitative analysis of chest CT scans was performed
using the MeVis PULMO3D software (v3.7.1, Fraunhofer
MEVIS, Bremen, Germany) to obtain TLV, TES, and P15
(i.e. the 15th percentile of the lung attenuation distribution
curve) using the density mask technique.'® TES was defined
as the percentage of voxels with density values below the
threshold of —950 HU out of the total number of voxels in
the whole lung as described in many previous studies.'*
The full datasets of axial slices without interscan gaps were
used for analysis.

Differences in the QCT parameters between inspiration
and expiration were calculated as follows:

TLVpigr=(TLViN—TLVgx)/TLVin

TESpitr=(TES\n—TESgx )/ TESIx

P15pir=(P15y—P15gx) /P15y

Examples of QCT analysis of the total lung during full
inspiratory and full expiratory breath-hold are presented in
Figures 1 and 2.

A

Pulmonary Function Test

Dynamic spirometry (including FEV; and FVC) and static
lung volumes (including TLC and residual volume (RV))
were measured according to American Thoracic Society/
European Respiratory Society standards.'”'® All spirometric
maneuvers were performed before and 15 min after inhalation
of 400 mg of salbutamol. A Ganshorn PowerCube (Ganshorn
Medizin Electronic GmbH, Niederlauer, Germany) was used
for all measurements. Diffusing capacities, including carbon
monoxide diffusing capacity (DLCO) and carbon monoxide
transfer coefficient (KCO), were measured according to sin-
gle-breath carbon monoxide uptake. All lung function para-
meters except FEV|/FVC ratio and RV/TLC ratio are
expressed as absolute values and as the percentage of the
predicted value. FEV/FVC was calculated as the percentage
of FEV, to FVC, and RV/TLC was calculated as the percen-
tage of RV to TLC. Diffusing capacity parameters DLCO%
and KCO% were calculated as the percentage of the predicted
value. The PFT results are summarized in Table 1.

Statistics

Continuous variables with nonnormal distribution, such as
KCO% and DLCO%, are expressed as median + interquartile
interval (interquartile range). Continuous variables with nor-
mal distribution are presented as mean + SD (range).

Figure | Coronal 3D surface views of the lungs of a 79-year-old female smoker with COPD GOLD 3 (A, B). These surface views were generated with the MeVis
PULMO3D software by processing CT scans acquired at full inspiration (A) and full expiration (B). Lung lobes are depicted semitransparent green (lower lobes), red (upper
lobes) and blue (right middle lobe). Emphysematous lung parenchyma, demonstrated as a LAV (i.e., voxels with a density < =950 HU), is depicted in orange and yellow. In this
patient, LAV in the right upper lobe significantly decreased in expiration, while LAV in the left upper lobe did not show a significant change between the two respiratory

phases.

Abbreviations: 3D, three dimensional; COPD, chronic obstructive pulmonary disease; GOLD, global initiative for chronic obstructive lung disease; LAYV, low attenuation

volumes.
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Figure 2 3D surface views of the lung of a 59-year-old male smoker with COPD GOLD 3 (A, B). Coronal (A) and sagittal (B) reconstructions of a CT scan acquired at full

inspiration demonstrates a predominant emphysema distribution in the upper lobe.

Abbreviations: 3D, three dimensional; COPD, chronic obstructive pulmonary disease; GOLD, global initiative for chronic obstructive lung disease.

Categorical variables are expressed as frequencies (percen-
tages). For the comparison of QCT parameters and clinical
parameters, Spearman’s rank correlation analysis was used.
Differences between COPD GOLD 3 and GOLD 4 were
assessed using the independent samples f-test or Mann—
Whitney U-test for continuous variables as appropriate, and
the chi-square test was used for categorical variables (sex).
A two-tailed p-value <0.05 was considered statistically sig-
nificant. The SPSS Statistics 26 software package (IBM
Corporation, Armonk, NY, USA) was used for all statistical
analyses. In this observational study, no adjustment for multi-
ple testing was performed. Hence, all p-values are exploratory.

Results
Whole-Lung Analysis and Comparison

Based on GOLD Stages

The demographics, QCT data, PFT data, and scores of the
6MWT, SGRQ and CAT of 172 severe COPD patients are
shown in Table 1. No significant differences were found
for age, sex, TLV|y, P15, TLC, TLC%, KCO%, SGRQ
and CAT scores between GOLD 3 and GOLD 4. All other
QCT and PFT parameters and 6MWT showed significant
differences between both GOLD stages.

Correlation Analysis of Different

Measurement Methods
The correlation analyses for all tested QCT and PFT para-
meters are shown in Table 2 and Figure 3. TLV|y showed

moderate to very strong correlations with TLC, RV, FVC
and FEV{/FVC (=0.81, 0.60, 0.56, and —0.49; each
p<0.001). TLVgx showed a moderate to strong correlation
with TLC, RV and FEV{/FVC (r=0.75, 0.66, and —0.43;
each p<0.001). TLVp;s showed a moderate, negative cor-
relation with RV/TLC (r=—0.43; p<0.001). TESgx showed
a moderate, negative correlation with KCO% (r=—0.42;
p<0.001). It is worth noting that both P15gx and P15p;s
showed moderate correlations with KCO% (r=0.44 and
0.41; both p<0.001), and P15p;¢ showed a moderate cor-
relation with DLCO% (1r=0.40; p<0.001). There were only
weak but measurable correlations in some other pairings.
The strongest correlation was found for CT-measured
TLVy and PFT-measured TLC, but paired ¢-test showed
that the mean TLC (7361 mL prebronchodilator) was sig-
nificantly higher than that of TLVyy (6751 mL), with a
mean difference of 610 mL in all 172 patients (p<0.001).

The correlations of the QCT parameters and the
6MWT, SGRQ, and CAT scores are shown in Table 3.
The SGRQ and 6MWT scores only weakly correlated with
TLVpis, TESgx, TESpiss, P15gx and P15pir (SGRQ:
r—~0.27, 0.32, —0.30, —0.29, and —0.28; 6MWT: r=0.27,
—0.21, 0.29, 0.23, and 0.32). The CAT score showed no
significant correlations with any of the QCT parameters,
although it was strongly correlated with the SGRQ score
(r=0.65; p<0.001). The 6MWT showed a moderate, nega-
tive correlation with the SGRQ score (r= —0.47; p<0.001)
and a weak, negative correlation with the CAT score
(r=—0.23; p<0.05).

International Journal of Chronic Obstructive Pulmonary Disease 2020:15

submit your manuscript

1881

Dove


http://www.dovepress.com
http://www.dovepress.com

Song et al

Dove

Table 2 Spearman’s Rank Correlation Coefficients Describing the Statistical Correlations Between QCT Parameters and the Results
of Pulmonary Function Tests in the Evaluation of 172 Patients with COPD GOLD 3 or 4

FEV, FEV,% TLC TLC% RV RV (% FvC FVC% FEV,/ RV/ITLC | KCO% DLCO%

(mL) (% Pred) | (mL) (% Pred) | (mL) Pred) (mL) (% Pred) | FVC (%) | (%) (% Pred) | (% Pred)
TLV|n (mL) 0.36** [ —0.10 0.81*%% | 0.20%* 0.60%+ [ 0.30%** 0.56%* | 0.04 —0.49*% | —0.14 0.12 0.10
TLVex (mL) | 0.17%* —0.24%* 0.75%% | 0.22%* 0.66** [ 0.37%* 0.37%* | —0.09 —0.43*#* | 0.08 —0.01 —0.04
TLVoitr (%) 0.34%0 [ 0,32+ —0.05 —0.12 —0.23% | —0.20%* 0.29% | 0.25%F —0.04 —0.43%¥*F | 0.22*% 0.25%*
TESiN (%) —0.24% [ —0.26%%* 0.22% 0.36%%* 0.22%% 0.27#%* 0.05 0.07 —0.21%* 0.10 —0.36%+* -0.26**
TESex (%) =027 [ —0.31%%* 0.24%* 0.34%%* 0.26** 0.29°%%* —0.01 0.01 —0.18%* 0.19% —0.427%%F | Q.34
TESpitr (%) 0.24** 0.29+%* —0.21%* —0.23%* —0.28%F | —0.21** 0.13 0.11 0.02 —0.28%* 0.37%%* 0.36%**
P15, (HU) 0.20%* 0.23*+* —0.23* —0.35%#F —0.20%% | —0.24** —0.11 —-0.12 0.23** —0.06 0.36%** 0.27%*
P15gx (HU) | 0.28% [ 0.33%F* —0.26%F [ —0.35%+* —0.27% | —0.29% | —0.01 —0.04 0.18* —0.19* 0.44%4* 0.37%%*
P15pi (%) 0.31%FF [ 0.37%F* —0.22* —0.23%* —0.31%F | —0.25%* 0.18* 0.15 0.00 —0.34%F% | 0.4]%** 0.40%#*

Notes: At least moderate positive or negative statistical correlations with coefficients r 2 0.40 or < —0.40 are highlighted in bold (r=0~0.19, no or very weak correlation;
r=0.20~0.39, weak correlation; r=0.40~0.59, moderate correlation; r=0.60~0.79, strong correlation; r=0.80~1, very strong correlation; *p<0.05, **p<0.01, ***p<0.001).
Abbreviations: TLV, total lung volume; TES, total emphysema score; P15, |54 percentile of lung attenuation distribution curve; IN, inspiration; EX, expiration; Diff,
percentage difference between inspiration and expiration; FEV, forced expiratory volume in | second; TLC, total lung capacity; RV, residual volume; FVC, forced vital
capacity; DLCO, carbon monoxide diffusing capacity; KCO, carbon monoxide transfer coefficient.

None of the calculated differences between the CT mea-
surements in inspiration and expiration showed strong corre-
lations with the clinical tests, including the questionnaires.

Discussion

In this study, we measured TLV, TES and P15 in inspiration
and expiration and calculated TLV p;s, TESp;sr, and P15p;gr
from paired inspiratory/expiratory chest CT scans for two
reasons: PFTs also provide dynamic breathing information,
and normal lung volumes vary with patient size.

Comparison of Our results and

Comparable Studies

A LAV threshold of —950 HU, as used in our study, is most
commonly used for CT-based emphysema quantification, yield-
ing a good balance between sensitivity and specificity.*'*'® As
expected, our patients with severe COPD (FEV ;% <50%) had a
much higher mean TES of 28.0% (SD 9.5) than the reported
range for healthy individuals aged 30-70 years (2.6-4.5%)."
The mean P15 in GOLD 3 and GOLD 4 was “967HU and
—971HU, respectively, in our study, compared with a mean of
—919 HU in young men with normal lung function.”® In 36
severe COPD patients, the means of TLV g, P151y and P15gx
were similar to ours: 0.19+0.10 vs. 0.16+0.09, —961+12 HU vs.
—969+14 HU, and —951+21 HU vs. —960+18 HU.*' Heussel
et al found median TLVyy, TESn and P15y of 7200mL, 45%,
and —985 HU, respectively, in 102 COPD patients GOLD
stages 3 and 4, versus the corresponding mean values of 6751
mL, 28% and —969 HU in 172 COPD patients GOLD stages 3
and 4 in our study.® This discrepancy may be due to differences
in data presentation and different emphysema extents in our

study population from those in the study from Heussel et al. In
another study, TLVy was on average 670 mL smaller than
PFT-derived TLC, consistent with our result of 610 mL.%?
There are two potential reasons for this discrepancy. First,
QCT-measured TLVyy does not include upper and lower airway
gas volumes. Second, the clinical PFT is examined in the sitting
position, while the CT scans needed for QCT evaluation are
acquired in the supine position. The inspiratory capacity may be
affected by the different positions. However, a very strong
correlation between TLVyy and TLC (r=0.81; p<0.001) was
shown in our study, comparable to the previous result (-=0.90).?

Many publications on the correlation between other
QCT and PFT parameters are inconsistent. Our study
found the strongest correlations for TLC and TLVy
(r=0.81; p<0.001), RV and TLVgx (r=0.66; p<0.001), and
RV/TLC and TLVpyy (=0.43; p<0.001). TLVy had
moderate to strong correlations with RV, FVC and FEV,/
FVC, and TLVgx had a strong correlation with TLC.
Functionally, hyperinflation of the entire lung is character-
ized by high RV and low FVC. Therefore, we used CT
scans in full inspiration and full expiration to measure vital
capacity (i.e. TLV-TLVgx) and total lung capacity (i.e.
TLVy). The lung with the largest amount of air trapping
was considered to be the lung with the lowest VC/TLC
ratio (i.e. TLVpjg). Therefore, TLVp;y indicated lung
collapse.

Frequently, a negative correlation of TES with FEV, or
FEV,/FVC is expected.”? Our study also shows weak,
negative correlations between FEV,, FEV,%, FEV,/
FVC, and TES in both inspiration and expiration.
Schroeder et al reported that TESyy (r=—0.67, —0.76),
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Figure 3 Correlation between FEV,% pre-BS and parameters of quantitative CT analysis in 172 patients with COPD GOLD 3 or 4 (A-C). These three scattered plot
diagrams show only weak statistical correlations between FEV,% pre-BS and TLVp (A, r=0.32, p<0.001), TESpi (B, r=0.29, p<0.001) and PI5p (C, r=0.37, p<0.001).
Abbreviations: FEV,%, percentage predicted of forced expiratory volume in | second; pre-BS, before application of short-acting bronchodilators; TLVpy, percentage
difference of total lung volume between inspiration and expiration; TESp;s, percentage difference of total emphysema score between inspiration and expiration; Pl5p,
percentage difference of the 15th percentile of lung attenuation distribution curve between inspiration and expiration.

P15y (1=0.55, 0.69) and P15gx (r=0.71, 0.80) had mod-
erate to strong correlations with FEV; and FEV{/FVC in
COPD patients.10 Consistent with this result, P15y and
P15gx also had significant positive correlations with FEV,
and FEV/FVC in our study. Overall, most of the correla-
tion coefficients between TLV, TES and P15 and the
results of PFT and 6MWT in our study were similar to
those of the previous study, while some correlations were
weaker in our study.”® However, we found better correla-

tions with KCO% and DLCO%. The correlation of

Table 3 Spearman’s Rank Correlation Coefficients Describing
Statistical Correlations Between QCT Parameters and the
Results of Clinical Tests in the Evaluation of 172 Patients with
COPD GOLD 3 or 4

6MWT(m) | SGRQ (Score) | CAT (Score)
TLVn (ML) 0.21* —0.13 0.01
TLVex (mL) 0.07 0.08 0.05
TLVpiss (%) 0.27%* —0.27* —-0.07
TESN (%) —0.14 0.27* —0.08
TESex (%) —0.21%* 0.32%* —0.06
TESpiss (%) 0.29** —0.30* 0.01
P15 (HU) 0.12 —0.27* 0.10
P15gx (HU) 0.23* —0.29* 0.09
P15pis (%) 0.32%* —0.28* 0.02
SGRQ (score) | —0.47%* - 0.65%%#*
CAT (score) —0.23* 0.65%*% -

Notes: At least moderate positive or negative statistical correlations with coeffi-
cients r 2 0.40 or < —0.40 are highlighted in bold (r=0~0.19, no or very weak
correlation; r=0.20~0.39, weak correlation; r=0.40~0.59, moderate correlation;
r=0.60~0.79, strong correlation; r=0.80~I, very strong correlation; *p<0.05,
*p<0.01, ¥*p<0.001).

Abbreviations: TLV, total lung volume; TES, total emphysema score; PI5, |5th
percentile of lung attenuation distribution curve; IN, inspiration; EX, expiration;
Diff, percentage difference between inspiration and expiration; 6MWT, 6-minute
walk test; SGRQ, St. George’s Respiratory Questionnaire; CAT, COPD assessment
test.

FEV% with TLV, TES and P15 was not strong in our
study. This might be explained by the fact that TLV, TES,
and P15 are morphological measures mainly influenced by
parenchymal destruction, while FEV, is a bronchial func-
tional parameter. Emphysema extent is only partially pre-
dicted by the severity of changes revealed by PFTs.” In
our study, TES correlated best with KCO% and TLC% in
both inspiration (r=—0.36, 0.36) and expiration (r=—0.42,
0.34). Furthermore, we found that FEV/FVC correlated
best with TLVyy and TLVgx (r=0.49, —0.43; both
p<0.001), KCO% correlated best with TESgy, P15gx and
P15pis (=-0.42, 0.44, 0.41; each p<0.001), and DLCO%
correlated best with P15pis (1=0.40; p<0.001). TLVp;g,
TESp;sr and P15p; correlated better with RV/TLC than
TLVyn or TLVgy, TES;y or TESgx, P15 or P15gx do,
suggesting that the calculated differences might be better
indicators of air trapping than the corresponding absolute
values measured in inspiration and expiration. In 30
COPD patients, Cavigli et al found stronger correlations
of DLCO% with TES;y and P15y (r=—0.63, 0.50, respec-
tively) than we did (r=—0.26, 0.27, p<0.01).>* Gelb et al
found strong negative correlations between DLCO%,
KCO% and TES only in patients with an absolute FEV,
> 1000 mL.**> Our study population had a mean FEV, of
770 mL, which may explain why we found weaker corre-
lations than Cavigli et al.>* Akira et al reported that P15y
and P15gx to correlate well with FEV/FVC, RV/TLC and
DLCO%, but not with FEV %, and most of the corre-
sponding correlations were stronger in patients with
FEV,% > 50%.%¢ They also found that TESgx correlated
better with FEV;% and RV/TLC than with TESpy, when
FEV,% was less than 50%, consistent with our result.?
Our study shows that P15,y and P15gx correlated best
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with KCO%, relatively well with DLCO% and TLC%, and
weakly with FEV/FVC and FEV%. P15gx and P15p;s
only had a weak negative correlation with RV/TLC.
TESgx, P15gx and P15p;¢ had a relatively good correla-
tion with KCO% and DLCO% in our study. From our
point of view, these results suggest that P15gy, P15pi
and TESgx are related to lung diffusion capacity.

Staging COPD Patients According to
QCT Parameters

Except for TLVy and P15, our study shows significant
differences in lung volume (TLVgx, TLVpjgr), emphysema
index (TESyy, TESgx and TESp;s), and 15th percentile of
lung density (P15gx, P15pis) between GOLD 3 and
GOLD 4 patients. TLVgx, TESy and TESgx were signifi-
cantly larger in GOLD 4 than in GOLD 3, while TLV ;g
TESpifr, P15pis, P15gx and 6MWT were significantly
smaller in GOLD 4 than in GOLD 3. There were no
significant differences in TLVy, TLC or TLC% between
both GOLD stages in our study. These results suggest that
QCT, especially the parameters measured in expiration,
can help to evaluate the severity of COPD in patients
with GOLD 3 and 4. We also found better correlations
with FEV,, FEV%, TLC, RV, RV%, RV/TLC, KCO%,
and DLCO% for TESgx and P15gx than for TES;y and
P15. Zaporozhan et al reported no differences in TESyy,
TESgx, TESp;ifr and TLV ;e between GOLD 3 and GOLD
4 among 31 patients, probably due to the small number of
patients.’

Relationship Between QCT and Quality-

of-Life Questionnaires

The GOLD guidelines group COPD patients by symptom
and risk assessment.' Quality of life assessments, such as
the SGRQ and CAT, have been widely used to evaluate the
condition of COPD patients and to predict their mortality
risk.?”?® While the GOLD classification is an index
reflecting the severity of COPD, CAT reflects the patients’
overall quality of life, allowing patients to monitor their
disease status and treatment effects easily.”® Previous stu-
dies showed that the CAT score could reflect disease
impact on exercise ability.”” Our results show that the
CAT score was weakly and negatively correlated with the
6MWT (r= —0.23; p<0.05), while the SGRQ score had a
moderate to strong correlation with the 6MWT and CAT
score (= —0.47, 0.65; both p<0.001). Except for TLVy
and TLVgy, the QCT parameters only correlated weakly

with the SGRQ score. No QCT parameter correlated with
the CAT score, suggesting that the SGRQ may be superior
in evaluating emphysematous lung destruction. The
6MWT and most QCT and PFT results were significantly
different between COPD GOLD stage 3 and 4, while there
was no significant difference in the SGRQ and CAT scores
between the two groups. This finding might be related to
the different ages and educational levels of the patients
with respect to the recognition of acute exacerbations of
COPD. QCT may assess the severity of COPD more
objectively.

Drawbacks of the Study

Differences in study populations and CT slice thickness,
hardware, protocols, and postprocessing software may
have contributed to differences between our results and
previous studies. The correlation between QCT parameters
and clinical tests was not as strong as expected, but some
important factors hampered our results. First, we con-
ducted a retrospective study, and most CT scans were not
performed on the exact same day as the PFTs, although we
excluded patients with long intervals (>30 days). Second,
CT scans at breath-hold, PFTs, the 6MWT, and quality of
life questionnaires all depend on patient cooperation.
Despite breathing training before the CT scans and PFTs,
reaching the desired expiratory volumes is impaired in
advanced emphysema (GOLD 3 and 4) with hyperinflated
lungs, which was a confounder of lung density and volume
in expiratory scans in these patients. Third, we did not use
the mass-conserving volume change method for estimating
voxel volume changes from the HU values within an
inhale/exhale CT image pair as proposed by Castillo et al.>*
We plan to apply this method in further studies. Finally,
this study focused on the CT assessment of lung parench-
yma and did not consider airway abnormalities, which also
affect lung ventilation function significantly. Therefore,
the relationship between airway abnormalities and PFT
results needs to be addressed in future studies.

Conclusion

The present study provides reference values for several
QCT parameters in both inspiration and expiration com-
pared with clinical tests in a large group of severe COPD
patients. As expected, lung volumetry from CT scans
works well and strongly correlates with spirometry. In
particular, P15, including P15gx and P15p;g, correlates
with the severity of emphysema and parameters of lung
diffusion capacity. QCT can help to evaluate the severity
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of COPD in GOLD 3 and 4 patients. Many studies, includ-
ing ours, indicate that expiratory CT is superior for asses-
sing COPD severity and better reflects airflow limitation
and air trapping.

Abbreviations

6MWT, 6-minute walk test; CAT, COPD assessment test;
COPD, chronic obstructive pulmonary disease; DLCO, car-
bon monoxide diffusing capacity; FEV,, forced expiratory
volume in 1 second; FVC, forced vital capacity; GOLD,
global initiative for chronic obstructive lung disease; KCO,
carbon monoxide transfer coefficient; P15, 15th percentile of
lung attenuation distribution curve; PFT, pulmonary function
test; pre BS, before application of short-acting bronchodila-
tors; QCT, quantitative computed tomography; RV, residual
volume; SGRQ, St. George’s Respiratory Questionnaire;
TES, total emphysema score; TLC, total lung capacity;
TLYV, total lung volume.
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