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Background: This study sought to determine pulmonary vascular volumes (PVVs) on low-dose computed
tomography (LDCT) in a healthy male Chinese population and analyze the effects of aging and smoking on
PVVs.

Methods: A total of 1,320 healthy male participants (comprising 720 non-smokers, 445 smokers, and 155
ex-smokers) who underwent LDCT were retrospectively included in this study. Their demographic data and
smoking status data were collected. An automatic integration segmentation approach for LDCT was used
to segment pulmonary vessels semi-automatically. The PVVs of the whole lung, left lung, and right lung on
LDCT were calculated, and correlations between PVVs and age and smoking status were then compared.
Results: The inter-rater correlation coefficient of the whole lung, left lung, and right lung PVVs was
0.98 [95% confidence interval (CI): 0.95-0.99], 0.97 (95% CI: 0.93-0.98), and 0.97 (95% CI: 0.94-0.99),
respectively. The intra-class correlation coefficient of the whole lung left lung, and right lung PVVs was 0.98
(95% CI: 0.95-0.99), 0.96 (95% CI: 0.95-0.99), and 0.96 (95% CI: 0.92-0.98), respectively. In non-smokers,
PVVs decreased with age. The PVVs of heavy smokers were higher than those of light smokers, ex-smokers,
and non-smokers. The PVVs of ex-smokers were comparable to those of light smokers.

Conclusions: The PVVs measured on LDCT tended to decrease with age in healthy male non-smokers

gradually. Compared to non-smokers, the PVVs of smokers increased, even with the normal lung function.
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Introduction

Aging is a physiological phenomenon of the human body,
and each system of the body, including the respiratory
system, undergoes many age-associated changes (1).
The pulmonary disease has significant consequences for
the aging population. Cigarette smoking is a risk factor
for many diseases (2,3) and is associated with vascular
endothelial dysfunction, the increased expression of growth
factors, and inflammatory cell infiltration in pulmonary
arteries (4). Animal experiments have shown that pulmonary
vascular remodeling precedes emphysema (5,6), indicating
that smoking may cause damage to the pulmonary
vasculature at an early stage. In the Multi-Ethnic Study
of Atherosclerosis (MESA) study (7), chest computed
tomography (CT) indicated that ever-smokers (people who
used to smoke but quit smoking for more than one year)
had higher pulmonary vascular volumes (PVVs) than never-
smokers (people who never smoke). Similarly, tobacco
exposure was found to be consistently associated with
high absolute PVVs in the Framingham Heart Study (8).
However, these studies were conducted using high-
resolution CT, which raised concerns about the high-
radiation exposure of subjects.

Currently, low-dose computed tomography (LDCT) is
being used to screen early lung cancer, chronic obstructive
pulmonary disease (COPD), and cardiovascular disease
(9-11). However, the manual extraction process used by
radiologists to segment pulmonary vessels in LDCT images
is time-consuming. Tan et 4. (12) proposed an automatic
integration segmentation approach for vascular trees in
CT scans. Jun et al. (13) applied an automatic integration
segmentation approach for vascular trees in LDCT scans.
However, to date, no one has examined whether PVVs can
be quantified on LDCT images. Further, the correlations
between PVVs and aging and smoking require further
study. Thus, the present study sought to (I) calculate PVVs
on LDCT scans and examine alterations in PVVs in healthy
non-smokers concerning age; (II) analyze alterations in
PVVs among different types of smokers (e.g., non-smokers,
light smokers, heavy smokers, and ex-smokers).

Methods
Study cobort and design

Participants attending health check-ups at the physical
examination center of our hospital from January 2017 to
December 2019 were enrolled in this retrospective study.
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Figure 1 provides a flowchart detailing how participants
were selected. To be eligible to participate in this study,
people must meet the following inclusion criteria: (I) be
aged 40 years or older; (IT) have undergone a lung function
examination and LDCT in the same day; (II) have normal
lung function, and routine blood and urine tests, thyroid
hormone levels, and electrocardiography according to the
health check-up reports. Patients were excluded from the
study if they met any of the exclusion criteria: (I) were
female; (II) had a spinal or thoracic deformity; (IIT) had a
history of chest or cardiac surgery; (IV) had previously had
tuberculosis or systemic disease; (V) had cancer, liver or
kidney dysfunction; and/or (VI) had obvious respiratory
or motion artifacts, a lung mass >3 cm in diameter, a lung
infection, an interstitial lung disease, or bronchiectasis
according to the LDCT.

The study was approved by the Ethics Committee of the
China-Japan Friend Hospital (IRB 2019-123-K85-1). The
study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). Informed consent was
obtained from all patients.

A smoking history (including cigarette consumption and
the duration of smoking or the smoking-cessation period
in years) was collected from the health check-up reports for
each subject. The subjects were classified as non-smokers,
smokers (if they had been smoking for >1 year), and ex-
smokers (if they had stopped smoking for >1 year). Based
on their smoking status (14), smokers were classified as light
smokers (<20 packs/year) or heavy smokers (>20 packs/year).

LDCT

LDCT was performed on a 256-slice spiral CT scanner
(Brilliance CT, Phillips Healthcare, Netherlands). All
subjects were examined at full inspiration in the supine
position without contrast material injection. Helical
scanning was performed in the craniocaudal direction with
a beam pitch of 0.993. The tube settings were 100-120 kVp
and 50-80 mAs with DoseRight Angular Dose Modulation
according to each patient’s weight, and the rotation time
was 0.5 seconds. Thin-section images were reconstructed
with 1-mm thick slices at 0.9-mm intersection intervals.
The matrix size was 512x512 pixels (a soft reconstruction
kernel was used for the lung).

Segmentation of pulmonary vessels on LDCT

The included participants were divided into 1 of the
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Figure 1 Flowchart detailing how participants were selected.

following 4 groups based on age: (I) the 40-49-year-old
group; (II) the 50-59-year-old group; (III) the 60-69-year-
old; or (IV) the >70-year-old group. PVVs of the 4 groups
were independently analyzed by 4 chest radiologists
(1 with 8-year experience and the other 3 with 10-year
experience).

LDCT images in Digital Imaging and Communications
in Medicine (DICOM) format were transferred to a three-
dimensional (3D) in-home workstation (FACT Al+-
digitalLung V1.0, Shenzhou Dexin Medical Imaging
Technology Co., Ltd., Weinan Shanxi, China), and
pulmonary vessels were semi-automatically segmented
using an automatic integration segmentation approach (13).
The following basic principles and steps were used (see
Figure 2). First, the lung was segmented from the soft tissue
using an adaptive border marching algorithm (15), and a
computational geometry approach was used to segment
automated pulmonary fissures and the 5 pulmonary lobes
(16,17). Second, as LDCT scans have increased density
noise, a soft 3D Gaussian kernel filter was used to reduce
density noise. Third, an adaptive threshold was applied
to segment the specific scans to identify the seeds of the
pulmonary vascular trees. Fourth, a quick multi-seed
3D region growing algorithm was used to identify the
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pulmonary vascular trees. Fifth, the implicit integration
and curvature flow method were used to smooth pulmonary
vascular trees, and a “puzzle game” procedure was applied
as a correction operation to filter false identifications (18).
Finally, the results of the automatic segmentation of the
pulmonary vascular trees were reviewed by radiologists,
who made manual corrections to any improper vascular
segmentation, and the PVVs were then automatically
displayed. Segmentation and the review and manual
correction of each case took 10-20 minutes.

Statistical analysis

All statistical analyses were performed using SPSS 22.0
(SPSS Inc, Chicago, IL, USA) and MedCalc (MedCalc
Version 18.11. Acacialaan 22, Ostend, Belgium). All the
data are expressed as meanszstandard deviations (SDs).
To test the reproducibility of the PVV measurements
as determined by LDCT, 30 subjects were randomly
selected from the enrolled subjects and their PVVs were
analyzed independently by 2 experienced radiologists and
evaluated again 2 weeks later by 1 radiologist with Bland-
Altman plots. The intra-class correlation method was used
to examine intra- and inter-observer variation. A 1-way
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Figure 2 Segmentation of pulmonary vascular trees. (A) An adaptive border marching algorithm was used to separate lung regions from soft

tissue. (B) A computational geometry approach was used to automatically segment pulmonary fissures. (C) An adaptive border marching

algorithm was used to separate the 5 pulmonary lobes. (D) A quick multi-seed 3D region growing algorithm was used to identify pulmonary

vascular trees (different colors represent vascular trees in different lobes). (E) A 3D visualization of the computerized segmentation of the

pulmonary vessels.

analysis of variance (ANOVA) was used to compare the
whole lung, left lung, and right lung PVVs among the
groups, and independent #-tests were used to compare
any 2 groups. A P value <0.05 was considered statistically
significant.

Results
Subjects characteristics

A total of 1,320 male subjects, comprising 720 non-
smokers, 445 smokers, and 155 ex-smokers, were enrolled

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

in this study. Their baseline demographic data are presented
in Tuble 1. Totally 445 smokers were classified as either
light or heavy smokers, and each group was further divided
according to age. The light-smokers group comprised
38 subjects aged 40-49 years, 68 aged 50-59 years,
36 aged 60-69 years, and 42 aged >70 years. The heavy
smokers comprised 26 subjects aged 40-49 years, 132 aged
50-59 years, 96 aged 60-69 years, and 7 aged >70 years.
There were 155 males in the ex-smoker group, comprising
5 subjects aged 40-49 years, 44 aged 50-59 years, 58 aged
60-69 years, and 48 aged >70 years. The mean effective
radiation dose of LDCT was 1.60.3 mSv.
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Baseline demographic data Total population Non-smokers Smokers Ex-smokers Reference value F (p)
Number of participants 1,320 720 445 155

Age (years) 59.1+8.4 59.6+9.1 57.8+8.6  64.9x7.5 37.320 (<0.001)*
Body Mass Index (kg/m?) 23.7+3.1 22.4+3.3 25.7+2.8  24.8+35 18.5-24.0 18.701 (<0.001)*
White blood cell (x10%/L) 6.7+0.9 6.6+0.9 6.9+0.7 6.4+0.9 3.5-9.5 2.299 (0.101)
Neutrophils (x10°%/L) 3.6+0.6 3.8+0.7 3.4+0.6 3.6+0.6 1.8-6.3 18.491 (<0.001)*
Lymphocyte (x10%L) 2.8+0.5 2.9+0.5 2.7+0.4 2.7+0.7 1.1-3.2 7.928 (<0.001)*
Monocyte (x10%/L) 0.24+0.11 0.25+0.1 0.25+0.3  0.22+0.2 0.1-0.6 4.416 (0.012)
Red blood cell (x10'%/L) 4.53+0.30 4.51+0.61 4.52+0.29 4.61+0.35 3.8-5.1 0.198 (0.821)
Hemoglobin (g/L) 132.7+9.2 134.5+6.8 131.8+4.5 133.3+5.2 115-150 0.139 (0.871)
Platelet (x10%L) 244.2+55.9 243.8+50.1 246.2+47.6 240.4+55.9 125-350 0.728 (0.483)
Alanine aminotransferase (IU/L) 16.5+7.0 15.8+3.4 16.5+7.1 17.2+6.9 0-40 0.787 (0.455)
Aspartate aminotransferase (IU/L) 16.0+6.2 17.1+5.2 15.9+6.4 16.2+5.7 0-42 0.126 (0.8820
Total bilirubin (umol/L) 14.08+4.45 13.50+4.11 14.5+46  16.2+5.8 5.0-21.0 16.343 (<0.001)*
Direct bilirubin (umol/L) 3.37+1.09 3.25+1.13  3.40+1.07 3.38+1.14 0.0-7.0 0.056 (0.946)
Serum total bile acid (umol/L) 3.72+1.12 3.61+1.14  4.11:£0.87 3.70+1.10 0.0-10.0 0.155 (0.895)
Glucose (mmol/L) 4.33+0.55 4.20+0.31  4.59+0.87 4.27+0.29 3.6-6.1 0.156 (0.855)
Urea (mmol/L) 4.03+0.67 3.83+0.54  4.23+0.47 4.03+0.63 2.78-7.85 0.100 (0.905)
Uric acid (umol/L) 288.8+66.0 267.9+56.0 287.2+49.7 292.5+65.9 150.0-420.0 0.365 (0.700)
Creatinine (umol/L) 61.2+14.8 58.7+11.9  63.7+15.8 59.9+10.7 35-106 0.689 (0.502)
Total cholesterol (mmol/L) 3.34+0.92 3.41+0.72  3.25+0.33 3.30+0.47 <5.2 4.373 (0.013)
Triglyceride (mmol/L) 0.74+0.20 0.72+0.11  0.75+0.23 0.77+0.19 <1.7 0.167 (0.846)
High density lipoprotein cholesterol (mmol/L) 1.51+£0.26 1.75£0.23  1.53+0.31 1.64+0.31 1.0-2.0 0.950 (0.387)
Low density lipoprotein cholesterol (mmol/L) 1.73+0.22 1.65+0.31 1.81£0.11 1.72+0.25 <2.6 5.141 (0.006)*
Glycosylated hemoglobin (%) 4.65+0.43 4.32+0.21 4.90+0.52 4.46+0.40 4.0-6.0 0.950 (0.387)
Insulin (fasting) (uIU/mL) 8.15+2.64 8.03+1.67  8.22+1.41 8.07+1.98 2.6-24.9 0.321 (0.726)
Serum free T4 (ng/dL) 1.37+0.22 1.42+0.32  1.32+0.46 1.35+0.37 0.93-1.70 0.534 (0.586)
Serum free T3 (pg/mL) 3.21+0.58 3.47+0.44 3.12+0.36 3.23+0.25 2.0-4.4 0.722 (0.486)
Serum thyroid stimulating hormone (ulU/mL) 1.69+0.89 1.73+0.88 1.66+0.52 1.60+0.92 0.27-4.2 1.494 (0.225)

1-way ANOVA test with F value “P<0.05.

Reproducibility of PVV measurements

The Bland-Altman plots of the whole lung PVVs (see Figure
3A), left lung PVVs (see Figure 3B), and right lung PVVs (see
Figure 3C), as measured by 2 observers, demonstrated a bias
of 0.7, 0.4, and 0.9, respectively. The inter-rater correlation
coefficient of the whole lung left lung, and right lung PVVs
was 0.98 (95% CI: 0.95-0.99), 0.97 (95% CI: 0.93-0.98),

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

and 0.97 (95% CI: 0.94-0.99), respectively.

The Bland-Altman plots of the whole lung PVVs (see
Figure 44), left lung PVVs (see Figure 4B), and right
lung PVVs (see Figure 4C), measured twice by the same
observer within 1 month, showed a bias of 0.2, 0, and 0.3,
respectively. The intra-class correlation coefficient of the

whole lung, left lung, and right lung PVVs was 0.98 (95%
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Quantitative Imaging in Medicine and Surgery, Vol 12, No 1 January 2022 411

>

N W o
T T

Whole lung PVV1-Whole lung PVV2

ve)

Left lung PVV1-Left lung PVV2

@]

Right lung PVV1-Right lung PVV2

-
-2
-3
-4

+1.96 SD

4.3

o Mean

-1.96 SD

© -2.9

125 130 135 140 145 150 155
Mean of whole lung PVV1 and whole lung PVV2

+1.96 SD

© 4.3

° ° o o Mean

° o_o o 0.4

&P

o -1.96 SD

© -3.5

55 60 65 70 75 80
Mean of left lung PVV1 and left lung PVV2

+1.96 SD

o © 3.6

o o
oo o Mean

o o 0.9

-1.96 SD

R -1.9

50

55 60 65 70 75 80 85
Mean of right lung PVV1 and right lung PVV2

Figure 3 Bland-Altman plots of PVV measurements by 2
observers. (A) A Bland-Altman plot of the whole lung PVVs (as
measured by 2 observers) demonstrated a bias of 0.7. (B) A Bland-

Altman plot of left lung PVVs (as measured by 2 observers)
demonstrated a bias of 0.4. (C) A Bland-Altman plot of right lung

PVVs (as measured by 2 observers) demonstrated a bias of 0.9.
PVV1 and PVV2 represent the PVVs measured by observer 1 and

observer 2, respectively.
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Table 2 Pulmonary vascular volumes of non-smokers in different age groups

PVVs (mL) 40-49 years (n=66) 50-59 years (n=324) 60-69 years (n=172) =70 years (n=158) F P

Whole lung 132.1£20.7° 126.5+25.8° 114.3+24.5% 109.0£22.1%* 158.43 <0.001
Right lung 69.7+11.3° 67.8+14.2° 61.5+13.6° 58.7+12.9%° 105.79 <0.001
Left lung 62.4+9.8° 58.7+12.1° 52.7+11.5% 50.3+10.2°° 65.62 <0.001
Right upper lobe 23.9+2.6% 23.6+3.2% 21.3+3.6® 21.9+1.5% 30.04 <0.001
Right middle lobe 10.121.4% 10.3+1.8 9.2+1.0%¢ 8.7+0.7%° 54.82 <0.001
Right lower lobe 36.5+3.3 33.9+5.3% 30.5+3.5" 28.4+1.2°° 96.08 <0.001
Left upper lobe 27.9+2.7% 28.0+3.3% 26.3+2.7* 25.6+1.2*° 34.29 <0.001
Left lower lobe 33.8+3.6" 30.2+3.7% 26.5+3.2° 25.7+1.3%° 153.03 <0.001

LSD-t test: a: P<0.05 vs. <49 years; b: P<0.05: vs. 50-59 years; c: P<0.05 vs. 60-69 years; d: P<0.05 vs. >70 years; the 1-wayANOVA test

with F value. PVVs, pulmonary vascular volumes.

Table 3 The effect of smoking status on pulmonary vascular volumes

PVVs (mL)

Non-smokers (n=720) Light smokers (n=184)Heavy smokers (n=261) Ex-smokers (n=155) F P

Whole lung 120.4+13.9° 132.2+10.3°
Right lung 64.3+7.6° 69.6+6.1%
Right upper lobe 22.7+3.1° 24.4+3.1°
Right middle lobe 9.7+1.6™° 10.621.6%
Right lower lobe 32.1+4.9° 34.5+4.5%°
Left lung 55.9+7.8° 61.145.8%
Left upper lobe 27.1+3.0° 28.8+3.5%
Left lower lobe 28.7+4.1°¢ 32.2+4.6

144.5+12.5% 128.1£13.7%° 222.7 <0.001
78.3+7.4° 69.1+7.2* 237.2 <0.001
26.7+4.2% 25.3+3.7%° 96.8 <0.001
13.5+2.9* 10.6£1.4% 257.6 <0.001
40.0+4.6™ 33.6+4.3* 178.3 <0.001
66.9+7.4™ 60.0+6.0* 151.2 <0.001
30.4x4.7% 29.3+3.1%* 65.7 <0.001
36.8+4.3™ 30.2+4.8™° 233.4 <0.001

LSD-t test: a: vs. non-smokers, P<0.05; b: vs. light smokers, P<0.05; c: vs. heavy smokers, P<0.05; d: vs. ex-smokers, P<0.05; the

1-wayANOVA test with F value. PVVs, pulmonary vascular volumes.

CI: 0.95-0.99), 0.96 (95% CI: 0.95-0.99), and 0.96 (95%
CI: 0.92-0.98), respectively.

The effects of aging and smoking on PVVs

As Table 2 shows, in healthy male non-smokers, the PVVs
of the whole lung, right lung, left lung, and bilateral
lower lobes decreased with age. However, the PVVs of
the bilateral upper lobes were similar between the 40-49,
50-59, 60-69, and the >70-year-old groups.

As Table 3 shows, the heavy smokers had the greatest
PVVs, followed by the light smokers and the ex-smokers,
and the non-smokers had the smallest PVVs. The PVVs
were comparable between the ex-smokers and the light
smokers. As Figure 5 shows, in each age group, the heavy
smokers had the greatest PVVs, followed by the light

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

smokers and ex-smokers, and non-smokers had the smallest
PVVs.

Discussion

This study quantitatively measured PVVs on LDCT in
a Chinese male population and found several interesting
findings for this large cohort. First, the quantitative
measurement of LDCT-derived PVVs with an automatic
integration segmentation approach is reproducible. Second,
PVVs decreased with age in male non-smokers. Third,
PVVs was more increased in smokers than non-smokers.
Morphometric information of the pulmonary vasculature
of healthy subjects is necessary to improve understandings
of physiological aging and pathologic deviations beyond
the normal variation expected between subjects. Pienn
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et al. (19) determined the number and volume of pulmonary
vessels (with a diameter range between 2 and 10 mm) with
CT pulmonary angiography datasets. Previous studies
have examined alterations in the pulmonary vasculature, as
assessed using a 2-dimensional cross-sectional area of the
small vessels in axial CT images in patients with COPD
(20-23) and non-smokers (24). Recently, LDCT has
been used to quantitatively evaluate COPD, asthma, and
interstitial lung disease, as well as lung cancer (9,25-27).
Jun (13) demonstrated that an automatic integration
segmentation approach could provide much better and
lower-level vascular branches in LDCT scans. In our health
check-up population, PVVs were also measured on LDCT
scans. The automatic integration segmentation approach
and the segmentation algorithm provided reproducible
measurements of PVVs on LDCT scans.

Previous studies (28,29) have shown that a thickening of
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the intima characterizes vascular aging, decreased elasticity,
and a decreasing number of capillaries. However, very few
studies have reported on the manifestation of pulmonary
vascular aging on CT scans. We compared the PVVs among
healthy male non-smokers of different ages and found
that PVVs of the whole lung, left lung, right lung, and 5
lung lobes decreased with age. Using the manual counting
method, Wang ez 4/. (30,31) reported that the number of
small pulmonary vessels were decreased in subjects older
than 40 years of age; however, Wang ez 4/. did not evaluate
pulmonary vascular aging overall. The present study
showed that a decrease in PVV characterized pulmonary
vascular aging in non-smokers. Additionally, our subgroup
analysis of different age groups showed that differences
in PVVs were low in the upper lobe but high in the lower
lobe. This may indicate that the lower lobes age faster than
the upper lobes; however, the mechanism by which this
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occurs is unclear.

Histologically, tobacco-related vasculopathy is
characterized by vessel narrowing and loss (32-34); however,
in our study, the PVVs of non-smokers, light smokers, and
heavy smokers gradually increased. Cigarette exposure was
also found to be associated with higher pulmonary blood
vessel volumes, especially in the smaller peripheral vessels,
in the Framingham Heart Study (8). Smoking can cause
pulmonary vascular wall thickening and remodeling; thus,
we speculate that the increase of PVVs in smokers is due
to the thickening of the pulmonary vascular wall. We also
found that the PVVs of ex-smokers were lower than those
of heavy smokers and similar to those of light smokers but
higher than those of non-smokers. Similarly, in the MESA
Study, ever-smokers were found to have a higher total PVVs
than never-smokers (7). These results suggest that smoking
cessation may slow pulmonary vascular remodeling.

This study had several limitations. First, as the number
of female smokers and ex-smokers was small, PVVs in the
female population and the difference of PVVs between
males and females could not be studied and remains
unknown. Second, as this is a single-center retrospective
study, it should be noted that the male participants who
presented for routine health check-up visits may not
necessarily be representative of the broader population of
China. Thus, the establishment of reference values requires
a broader population study. Third, as body surface area and
the detailed lung function metrics were not detailed in the
health reports, we could only compare the absolute value of
PVVs in different groups; thus, correlations between PVVs
and lung function require further study. Fourth, while
we compared PVVs in non-smokers, ever-smokers, and
smokers, the effects of other factors, such as second-hand
tobacco exposure, socioeconomic status, and occupation,
on PVVs remain unknown and should be considered in
future prospective studies. Fifth, as LDCT scans have the
increased density noise, the misclassification of a single
vascular voxel can cause the segmentation to break away
the branches of low-level vessels and result in them being
classified as lung parenchyma tissues. To address this issue,
we used a soft 3D Gaussian kernel filter to reduce density
noise. However, vessel density decreases substantially as
vascular diameter decreases, and the partial volume effects
reduce the contrast between the lower-level vessels and
the parenchyma. This makes low-level vessel detection
very difficult in LDCT. Sixth, as the PVVs evaluated by
LDCT do not show the pulmonary microvasculature or
distinguish between the pulmonary artery and pulmonary
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vein, the effects of smoking on pulmonary arteries, veins,
and microvasculature cannot be independently evaluated
on LDCT. Finally, smokers’ lung function needs to be
assessed, and correlations between PVVs, emphysema and
lung function will be analyzed in the further study.

Conclusions

Our study showed that PVVs (as measured on LDCT)
gradually decreased with age in non-smokers. Compared
to non-smokers, the PVVs of smokers increased, even with
normal lung function.
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