International Journal of Chronic Obstructive Pulmonary Disease Dove

ORIGINAL RESEARCH

Contributions of Emphysema and Functional Small
Airway Disease on Intrapulmonary Vascular Volume

in COPD

Xiaoqi Huang "*, Weiling Yin "*, Min Shen ', Xionghui Wang ', Tao Ren ', Lei Wang ',
Min Liu 2, Youmin Guo@®'

'Department of Radiology, Yan’an University Affiliated Hospital, Yan’an, People’s Republic of China; 2Department of Radiology, China-Japan Friendship
Hospital, Beijing, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Youmin Guo, Department of Radiology, Yan’an University Affiliated Hospital, Yan’an, People’s Republic of China, Tel +86-13909187113,
Email cjr.guoyoumin@yvip.|63.com

Background: Previous studies have demonstrated that there is a certain correlation between emphysema and changes in pulmonary
small blood vessels in patients with chronic obstructive pulmonary disease (COPD), but most of them were limited to the investigation
of the inspiratory phase. The emphysema indicators need to be further optimized. Based on the parametric response mapping (PRM)
method, this study aimed to investigate the effect of emphysema and functional small airway disease on intrapulmonary vascular
volume (IPVV).

Methods: This retrospective study enrolled 63 healthy subjects and 47 COPD patients, who underwent both inspiratory and
expiratory CT scans of the chest and pulmonary function tests (PFTs). Inspiratory and expiratory IPVV were measured by using an
automatic pulmonary vessels integration segmentation approach, the ratio of emphysema volume (Emph%), functional small airway
disease volume (fsAD%), and normal areas volume (Normal%) were quantified by the PRM method for biphasic CT scans. The
participants were grouped according to PFTs. Analysis of variance (ANOVA) and Kruskal-Wallis H-test were used to analyze the
differences in indicators between different groups. Then, Spearman’s rank correlation coefficients were used to analyze the correlation
between Emph%, fsAD%, Normal%, PFTs, and IPVV. Finally, multiple linear regression was applied to analyze the effects of Emph%
and fSAD% on IPVV.

Results: Differences were found in age, body mass index (BMI), smoking index, FEV1%, FEV1/forced vital capacity (FVC),
expiratory IPVV, IPVV relative value, IPVV difference value, Emph%, fsAD%, and Normal% between the groups (P<0.05). A strong
correlation was established between the outcomes of PFTs and quantitative CT indexes. Finally, the effect of Emph% was more
significant than that of fSAD% on expiratory IPVV, IPVV difference value, and IPVV relative value.

Conclusion: IPVV may have a potential value in assessing COPD severity and is significantly affected by emphysema.
Keywords: chronic obstructive pulmonary disease, intrapulmonary vascular volume, emphysema, functional small airway disease,

parametric response mapping method

Introduction
Chronic obstructive pulmonary disease (COPD) is one of the most common respiratory diseases worldwide, with high
morbidity and mortality.! Previous pathophysiological studies on COPD found that the pulmonary vascular endothelial
growth factor was impaired due to chronic hypoxia, chronic bronchial inflammation and emphysema.” > The volume of
small vessels in the distal lung decreased, whereas that of the proximal vessels increased, which was called the pruning
and remodeling of pulmonary vessels.®

The intrapulmonary vascular volume (IPVV) of chest computed tomography (CT) images can be extracted, analyzed,
and quantified non-invasively;”* it has been applied in the studies of various pulmonary diseases.”'? Some studies found
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that the volume of small vessels in the distal lung, or its ratio to the total volume of pulmonary vessels, tended to be
positively correlated with FEV1, FEV1/FVC, and negatively correlated with LAA%-950 (the lung volume with a CT
attenuation value of less than —950 HU relative to the total lung volume) in patients with COPD, which represented the
severity of emphysema on inspiratory CT.'*'* Also, a certain relationship existed with the airway wall, consistent with
the conclusions of pathophysiological studies.'

However, Galban proposed a parametric response mapping (PRM) method, which further differentiated and quanti-
fied emphysema areas and functional small airway disease areas through differences in lung density by registering the
inspiratory and expiratory images of chest CT.'"® Compared with the LAA%-950 represented airflow obstruction in the
inspiratory phase, this method could simultaneously separate gas trapping to small airways obstruction in patients, so as
to provide more profound value in the imaging analysis of COPD.'"%°

Therefore, in this study, we analyzed the IPVV of high-risk COPD patients and COPD patients with COPD and
patients with COPD of different severity, and explored the contributions of emphysema and functional small airway
disease on intrapulmonary vascular volume based on the PRM method.

(Relevant literatures worked on this area: References 7-20, 24-35)

Materials and Methods

Participants

A total of 110 participants, comprising 63 healthy controls and 47 patients with COPD from the Affiliated Hospital of
Yan’an University from December 2018 to 2020, who all underwent biphasic CT and pulmonary function tests (PFTs),
were enrolled in this retrospective study. The study involving human participants was reviewed and approved by the
Medical Ethics Committee of the Affiliated Hospital of Yan’an University (Grant No.: 2,018,032). Written informed
consent was obtained from all participants. The patients/controls provided their written informed consent to participate in
this study. The clinical data of patients were maintained with confidentiality and in compliance with the Declaration of
Helsinki.

The inclusion criteria were as follows: (1) patients with COPD met the diagnostic criteria of the Global initiative for
chronic obstructive lung disease-global strategy for the diagnosis, management, and prevention of chronic obstructive
pulmonary disease (2022 Report);*' and (2) chest CT inspiratory and expiratory biphasic images were clear and complete
and could be processed correctly to obtain lung fissure segmentation results.

The exclusion criteria were as follows: (1) age <40 years or >80 years; (2) lung cancer and other intrapulmonary
space-occupying lesions; (3) history of thoracic surgery, such as after lung resection, heart valve replacement, and
coronary intervention; (4) thoracic deformity; (5) diseases, such as large-area infection of the lung, lung consolidation,
atelectasis, massive pleural effusion, and severe pulmonary fibrosis, affecting lung analysis; (6) bronchial asthma,
tuberculosis, bronchiectasis, pulmonary hypertension; (7) patients with heart, liver, and renal insufficiency; (8) and
occupational dust exposure history.

Figure 1 demonstrates a flowchart detailing participant selection. The baseline demographics and CT imaging data of
all participants were collected and analyzed.

PFTs

PFTs (Sensormedics Vmax299 pulmonary function instrument, USA) were performed within 1 week before or after the
CT examination. The patients were seated, and the vital capacity data, including forced expiratory volume in 1 s (FEV1),
forced vital capacity (FVC), FEV1 predicted value (FEV1%), and FEV1/FVC, were measured before and after
inhalation of salbutamol (400 pg). Participants with FEV1/FVC >70% and FEV1% pred <80% were classified as the
Preserved Ratio Impaired Spirometry (PRISm) group, and those with FEV1/FVC >70% and FEV1% >80% were as the
normal group. Participants in the COPD group were classified according to the GOLD [GOLD 1, mild COPD (FEV1%
>80%); GOLD 2, moderate COPD (50%< FEV1% <80%); GOLD 3, severe COPD (30%=< FEV1% <50%); and GOLD
4, very severe COPD (FEV1% <30%)]. Besides PFTs, the patients’ body mass index (BMI) and smoking index were
assessed.
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Figure | Flowchart of participant selection.
Abbreviations: COPD, chronic obstructive pulmonary disease; CT, computed tomography; PFTs, pulmonary function tests; PRISm, Preserved Ratio Impaired Spirometry.

Biphasic Chest CT Scanning

Before the examination, all patients underwent breathing training. All patients underwent biphasic chest CT scanning on
a 128-slice spiral CT scanner (Shanghai United Imaging UCT-760). They were placed in the supine position, held their
heads with both hands, and held their breath at the end of deep inhalation and forced exhalation. During scanning, no
contrast agent was injected. The scanning range included the whole lung scan from the apex to base. The scanning
parameters were as follows: tube voltage 120 kV; adaptive dynamic tube current, current range 40-95 mAs; collimator
width, 128*0.625 mm; pitch, 1.0875; rotational speed, 0.5 s/r; and scanning slice thickness, 5 mm. Thus, biphasic images
were reconstructed using a 1-mm thin slice of the bone algorithm, field of vision (FOV) 350*450 mm, and matrix
521%*521.

Image Processing

Biphasic CT images were transferred to an in-home workstation (the FACT-Digital Lung Workstation, Dexin, Xi’an,
China), which enabled automated segmentation of a variety of lung structures, including right/left lungs, lung vessels,
airway trees, and inner/outer airway walls. After automatic lung segmentation, an automated three-dimensional (3D)
method was used to reconstruct the pulmonary vasculature and calculate the IPVV of the entire lung in each phase. In
both inspiratory and expiratory CT, IPVV measurements included vascular walls and arteriovenous lumens. The ratio
between expiratory IPVV and inspiratory IPVV was defined as IPVV relative value, and the difference value between the
two was defined as IPVV difference value.

In addition, biphasic images were registered using B-splines combined with affine variation registration. The voxel-
based quantitative detection method used in this study was described as the PRM method in Galban’s study.'® All voxels
were divided into three categories according to the altered CT value: the areas with the CT value in the inspiratory phase
>-950 HU and the CT value in the expiratory phase >-856 HU were normal lung tissue areas (normal areas volume ratio,
Normal%, marked in green); the areas with the inspiratory phase <-950 HU and the CT value in the expiratory phase
<-856 HU were the emphysema areas (emphysema volume ratio, Emph%, marked in red); and the areas with the CT
value in the inspiratory phase >-950 HU and the CT value in the expiratory CT phase <-856HU were functional small
airway lesions areas (functional small airway lesions volume ratio, fSAD%, marked in yellow) (Figure 2).

Statistical Analysis
The normally distributed measurement data were tested using the Shapiro—Wilk test and expressed as mean + standard
deviations (X£S), and the differences between groups were compared using ANOVA and the least significant difference
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Figure 2 Schematic diagram of parameter measurement in biphasic quantitative CT.

Notes: (A) Identification and segmentation of lung fissures and lobes on CT images by the 3D adaptive border marching algorithm and the implicit surface functions. The
principal curvatures and the principal directions were used to distinguish pulmonary vessels from lung tissue, and the vascular tree was automatically extracted and
segmented to calculate IPVV in the whole lung. (B) Normal lung tissue areas (green), emphysema areas (red), and functional small disease areas (yellow) were quantified by
the PRM method.

t-(LSD-t) test. The measurement data not conforming to the normal distribution were expressed as M (P,s, Ps), and the
Kruskal-Wallis H-test was used to compare the differences between the groups. Spearman’s rank correlation was used to
analyze the correlation between quantitative CT indexes and PFTs. Multiple linear regression was used to evaluate the
impact of Emph% and fSAD% on IPVV. All statistical analyses were performed using SPSS 26.0 (SPSS Inc. IL, USA).
A P-value <0.05 indicated a statistically significant difference.

Results

Patient Characteristics and PFTs
A total of 110 participants were included in this study, and divided into four groups according to FEV1/FVC and FEV1%
in pulmonary function test results (PFTs) after the inhalation of bronchodilators: 41 in the normal lung function group; 22
in the PRISm group; 32 in the mild COPD group [Global initiative for chronic obstructive pulmonary disease (GOLD1)
(15 participants) and GOLD2 (17 participants)]; 15 in the severe COPD group [GOLD3 (10 participants) and GOLD4 (5
participants)].

The sex distribution in the two groups was similar (P>0.05), but the differences in age, BMI, and smoking index were
statistically significant (P<0.05). The age and smoking index of patients with COPD were higher than those of without
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Table 1 Comparison of Subject’s Baseline Characteristics and PFTs

Variables Normal PRISm Mild COPD Severe COPD FIHIX? P value
(n=41) (n=22) (n=32) (n=15)

Sex (Male/Female) (40/1) (22/0) (27/5) (15/0) 1.214 0.271
Age (y) 50 (39, 59) 52 (49, 60) 63 (57, 71) 60 (53, 71) 45.636 <0.001
BMI (kg/m?) 24.143+2.888 25.549+2.920 23.315+2.188 22.157+3.698 3.102 0.032
Smoking Index (pieces/y) 380 (200, 600) 400 (120, 700) 800 (250, 1600) 1600 (700, 2000) 27.476 <0.001
FEV1% (%) 91.000 (83.250, 96.000) 72.000 (69.500, 76.000) 64.000 (52.900, 77.000) 41.000 (34.000, 44.000) 60.281 <0.001
FEVI/FVC (%) 83.000 (75.500, 85.000) 79.000 (76.000, 84.000) 60.000 (50.000, 64.000) 46.500 (37.100, 54.000) 60.367 <0.001

Abbreviations: PRISm, Preserved Ratio Impaired Spirometry; COPD, chronic obstructive pulmonary disease; BMI, body mass index; FEVI, forced expiratory volume in
| second; FEV1%, predicted value of forced expiratory volume in | second; FVC, forced vital capacity.

COPD, while the BMI in the PRISm group was higher than that in the normal group. The FEV1% of PRISm patients in PFTs
was lower than that in the normal group (£<0.05). FEV1/FVC in PRISm patients was higher than that in GOLDI patients
(P<0.05), and all PFT indexes were lower in patients with severe COPD than in patients with mild COPD (Table 1).

Quantitative CT Indexes

The expiratory IPVV, IPVV relative value, and IPVV difference value differed significantly between the groups (P<0.05).
Although no statistical difference was observed between the PRISm and normal groups, the aforementioned variables in
these groups were lower than those of the patients with COPD; also, these variables were higher in patients with severe
COPD than in patients with mild COPD (P<0.05). Similarly, the differences in Normal%, Emph%, and fsAD% were also
statistically significant between the groups (P<0.05). Although no statistical difference was detected between the PRISm and
normal groups, Normal% and Emph% were higher in patients with severe COPD (P<0.05) (Table 2).

Correlation Between Quantitative CT Indexes and PFTs
First, the quantitative CT indicators, expiratory IPVV, IPVV relative value, IPVV difference value, Emph%, and fsAD%,
moderately positively correlated with FEV1% and FEV1/FVC, while Normal% moderately negatively correlated
(P<0.05). In addition, expiratory IPVV significantly correlated with PFTs than inspiratory IPVV (Tables 3 and 4,
Figures 3 and 4).

Second, a significant correlation was observed between expiratory IPVV, IPVV relative value, difference value, Emph
%, fsAD%, and Normal%, especially between IPVV relative and difference values (P<0.05) (Table 5, Figure 5).

Table 2 Comparison of Subjects’ Quantitative CT Indexes

Variables Normal PRISm Mild COPD Severe COPD F/H P value
(n=41) (n=22) (n=32) (n=15)

IPVVin (mL) 170.724£24.855 164.890+30.569 150.375£19.728 163.583+12.469 1.843 0.144

IPVVex (mL) 119.800 135.040 141.490 160.130 25.657 | <0.001
(104.093, 134.270) (122.540, 139.415) (123.440, 154.730) (157.630, 164.690)

IPVV relative value 0.726 (0.624, 0.837) | 0.827 (0.772, 0.891) | 0.928 (0.898, 0.971) 0.981 (0.961, 0.987) 74.709 | <0.001

IPVV difference value (mL) | —36.150 —30.540 —10.280 -3.170 70.962 | <0.001
(-71.768, —29.915) | (—37.580, —15.735) | (—15.440, —4.540) (-6.610, —1.960)

Emph% (%) 4.205 (2.350, 7.458) | 5.706 (2.995, 8.715) | 13.390 (5.090, 22.970) | 33.290 (28.210, 38.320) | 60.383 | <0.00|

fsAD% (%) 15.701£10.880 18.664+11.996 24.93549.028 31.037£4.581 4.561 0.005

Normal% (%) 58.790+10.533 57.577+12.853 43.821+17.947 17.744+3.886 36.852 | <0.001

Abbreviations: PRISm, Preserved Ratio Impaired Spirometry; COPD, chronic obstructive pulmonary disease; IPVV, intrapulmonary vascular volume; IPVVin, inspiratory
intrapulmonary vascular volume; IPVVex, expiratory intrapulmonary vascular volume; Emph%, emphysema volume ratio; fsSAD%, functional small airway lesions volume ratio;
Normal%, normal areas volume ratio.
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Table 3 Correlations Between IPVV and PFTs

Variables IPVVin IPVVex IPVV Relative Value IPVV Difference Value
r P value r P value r P value r P value

FEV1% 0.060 0.557 —0.464 <0.001 —0.680 <0.001 —0.662 <0.001

FEVI/FVC 0.114 0.259 —0.481 <0.001 -0.759 <0.001 —0.740 <0.001

Abbreviations: IPVV, intrapulmonary vascular volume; IPVVin, inspiratory intrapulmonary vascular volume; IPVVex, expiratory intrapulmonary
vascular volume; FEV1, forced expiratory volume in | second; FEV 1%, predicted value of forced expiratory volume in | second; FVC, forced vital

capacity.

Table 4 Correlations Between PRM Indexes and PFTs

Variables Emph% fsAD% Normal%

r P value r P value r P value
FEV1% —0.547 <0.001 —0.470 <0.001 0.490 <0.001
FEVI/FVC —0.683 <0.001 -0.612 <0.001 0.662 <0.001

Contributions of Biphasic Registration Quantitative CT Indexes on IPVV
Emph% and fsAD% were used as independent variables, and inspiratory IPVV, expiratory IPVV, and IPVV relative and

difference values were used as dependent variables for multivariate linear regression analysis. The results showed

a statistically significant difference in expiratory IPVV, IPVV relative value, and IPVV difference value (P<0.05), and

the R? of IPVV relative and difference values was higher than that of the expiratory IPVV. This phenomenon also showed

that Emph% was a critical influencing factor for expiratory IPVV, IPVV relative value, and IPVV difference value

(Table 6).

Discussion

In this study, we quantified IPVV on inspiratory and expiratory CT scans, divided the areas of emphysema and functional

small airway disease, and analyzed the interaction between the two parameters in healthy individuals and patients with

COPD of varying severity. The current findings demonstrated that IPVV was a quantitative indicator of intrapulmonary
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Abbreviations: Emph%, emphysema volume ratio; fsAD%, functional small airway lesions volume ratio; Normal%, normal areas volume ratio; FEVI, forced expiratory
volume in | second; FEV %, predicted value of forced expiratory volume in | second; FVC, forced vital capacity.

vascular changes in patients with COPD. Especially, expiratory IPVV could be more valuable than inspiratory IPVV in
assessing the occurrence and development of COPD disease, and also the relative and difference values were significant
in this study. In addition, the multiple linear regression analysis showed that emphysema influenced pulmonary vascular
changes.

Previous studies demonstrated the application value of dual-phase quantitative CT in healthy people and patients with
COPD.'®*22* We used this technology to describe the IPVV, emphysema areas, and functional small airway disease
areas. Compared with LAA%-950 obtained on inspiratory CT, this method could simultaneously evaluate the severity of
emphysema and functional small airway disease in patients.'®!” This study was novel in demonstrating a relationship
between intrapulmonary vessels depicted by biphasic CT scans and emphysema and functional small airway disease by
the PRM method.

We found that expiratory IPVV increased with the disease severity of COPD and decreased lung function, suggesting
an interplay between pulmonary vascular changes and adverse disease progression in COPD. Besides, the inclusion of
PRISm patients was also novelty of this study, which aimed to investigate the changes in pulmonary vascular volume in
patients at high risk of COPD, although the changes were not significant. Our study suggested that IPVV might be a safe
and reliable potential biomarker for assessing COPD disease severity. In addition, the changes in IPVV relative and

difference values were more significant than those of expiratory IPVYV, indicating that they were more affected by

Table 5 Correlations Between IPVV and PRM Indexes

Variables IPVVin IPVVex IPVV Relative Value IPVYV Difference Value
r P value r P value r P value r P value
Emph% -0.071 0.459 0.488 <0.001 0.737 <0.001 0.713 <0.001
fsAD% -0.073 0.451 0.390 <0.001 0.544 <0.001 0.527 <0.001
Normal% 0.097 0312 —0.438 <0.001 —0.696 <0.001 -0.679 <0.001

Abbreviations: IPVV, intrapulmonary vascular volume; IPVVin, inspiratory intrapulmonary vascular volume; IPVVex, expiratory intrapulmonary
vascular volume; Emph%, emphysema volume ratio; fsAD%, functional small airway lesions volume ratio; Normal%, normal areas volume ratio.
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Figure 5 Correlations between IPVV and PRM indexes.

Notes: Scatter plots were drawn, and Spearman’s rank correlation was used. A P value <0.05 indicated a statistically significant difference. (A) Correlation between
Inspiratory IPVV and Emph%. (B) Correlation between inspiratory IPVV and fsAD%. (C) Correlation between inspiratory IPVV and Normal%. (D) Correlation between
expiratory IPVV and Emph%. (E) Correlation between expiratory IPVV and fsAD%. (F) Correlation between expiratory IPVV and Normal%. (G) Correlation between IPVV
relative value and Emph%. (H) Correlation between IPVV relative value and fsAD%. (I) Correlation between IPVV relative value and Normal%. (J) Correlation between IPVV
difference value and Emph%. (K) Correlation between IPVV difference value and fsAD%. (L) Correlation between IPVV difference value and Normal%.

Abbreviations: IPVV, intrapulmonary vascular volume; IPVVin, inspiratory intrapulmonary vascular volume; IPVVex, expiratory intrapulmonary vascular volume; Emph%,
emphysema volume ratio; fsAD%, functional small airway lesions volume ratio; Normal%, normal areas volume ratio.

expiratory IPVV and the difference decreased in pulmonary vasculopathy decreased between inspiratory and expiratory
phases. Cao also found that expiratory IPVV increased with COPD severity, and the difference decreased from the
inspiratory phase, which were consistent with the findings of this study.**

Previous studies have assessed the relationship between small pulmonary vessels, which measured using the
proportion of vessels with a cross-sectional area of <5Smm?® (%CSA <5mm? or BV5). Most of the studies found that
%CSA<5mm? or BV5 was positively correlated with FEV1 and FEVI/FVC, but negatively correlated with LAA
%-950.27% However, relevant studies on IPVV in smokers or patients with COPD found that the total IPVV was
positively correlated with smoking severity and LAA%-950, which was consistent with the results of the correlation
analysis on IPVV and emphysema in this study.>' > It suggested that small peripheral pulmonary vessels were

Table 6 Multiple Linear Regression Analysis of IPVV in Emph% and fsAD%

B 95% CI P value
IPVVin Emph% —0.256 (-0.739, 0.227) 0.295
(R*=0.016) fsAD% —0.057 (-0.541, 0.427) 0.815
IPVVex Emph% 0.805 (0.374, 1.237) <0.001
(R*=0.182) fsAD% 0.249 (-0.183, 0.682) 0.256
IPVV Relative Value Emph% 0.006 (0.005, 0.008) <0.001
(R*=0.462) fsAD% 0.002 (0.000, 0.003) 0.047
IPVV difference value Emph% 1.062 (0.735, 1.388) <0.001
(R*=0.397) fsAD% 0.307 (-0.021, 0.634) 0.066

Abbreviations: IPVV, intrapulmonary vascular volume; IPVVin, inspiratory intrapulmonary vascular volume; IPVVex, expiratory
intrapulmonary vascular volume; Emph%, emphysema volume ratio; fsAD%, functional small airway lesions volume ratio.
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susceptible to emphysema and hypoxia leading to loss, narrowing, or decreased filling. However, total vascular volume in
the lung might be increased by enlarged pulmonary vascular volume close to the mediastinum.** This mechanism
exacerbated inflammatory responses or circulatory diseases such as pulmonary hypertension, right ventricular dysfunc-
tion, and cor pulmonale.****

Our study was novel in comparing the effects of emphysema and functional small airway disease on IPVV based on
the PRM method. The emphysema had a greater impact on expiratory IPVV, and IPVV difference and relative values.
However, Cao found that compared with LAA-950, the airway wall thickness had a more significant effect on expiratory
IPVV and IPVV difference and relative values,>* suggesting further exploration of the pathophysiology of the effects of
emphysema and small airway disease on pulmonary blood vessels.

Nevertheless, the present study had some limitations. First, we collected an insufficient sample size, and the patient
distribution between the groups was unequal, especially in the PRISm and the severe COPD groups. This led to selection bias
and inadequate significance in some study results. Second, we did not analyze the IPVV characteristics of each lung lobe, and
hence the data were limited. Third, our study did not allow further analysis of the effect of pulmonary vascular volume on
disease severity and prognosis, which would be investigated in future prospective studies using longitudinal cohorts.

Conclusion

In conclusion, expiratory IPVV, IPVV relative value and IPVV difference value may have a potential value in assessing
COPD severity based on biphasic quantitative CT. In addition, emphysema may be a critical factor in affecting
pulmonary vascular changes, providing additional information underlying the pathophysiological changes of COPD,
which needs to be verified by further exploration.
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