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Background: The quantitative analysis of high-resolution computed tomography (HRCT) is increasingly 
being used to quantify the severity and evaluate the prognosis of disease. Our aim was to quantify the HRCT 
features of idiopathic pulmonary fibrosis (IPF) and identify their association with pulmonary function tests.
Methods: This was a retrospective, single-center, clinical research study. Patients with IPF were 
retrospectively included. Pulmonary segmentation was performed using the deep learning-based method. 
Radiologists manually segmented 4 findings of IPF, including honeycombing (HC), reticular pattern (RE), 
traction bronchiectasis (TRBR), and ground glass opacity (GGO). Pulmonary vessels were segmented 
with the automatic integration segmentation method. All segmentation results were quantified by the 
corresponding segmentation software. Correlations between the volume of the 4 findings on HRCT, volume 
of the lesions at different sites, pulmonary vascular-related parameters, and pulmonary function tests were 
analyzed. 
Results: A total of 101 IPF patients (93 males) with a median age of 63 years [interquartile range (IQR), 
58 to 68 years] were included in this study. Total lesion extent demonstrated a stronger negative correlation 
with diffusion capacity for carbon monoxide (DLco) compared to HC, RE, and TRBR [total lesion ratio, 
correlation coefficient (r) =−0.67, P<0.001; HC, r=−0.45, P<0.001; RE, r=−0.41, P<0.001; TRBR, r=−0.25, 
P<0.05, respectively]. Correlations with lung function were similar among various lesion sites with r from 
−0.38 to −0.61 (P<0.001). Pulmonary artery volume (PAV) displayed a slightly increased positive association 
with the DLco compared to total pulmonary vascular volume (PVV); for PAV, r=0.41 and P<0.001 and for 
total PVV, r=0.36 and P<0.001. Additionally, total lesion extent, HC, and RE indicated a negative relationship 
with vascular-related parameters, and the strength of the correlations was independent of lesion site.
Conclusions: Quantitative analysis of HRCT features of IPF indicated a decline in function and an 
aggravation of vascular destruction with increasing lesion extent. Furthermore, a positive correlation between 
vascular-related parameters and pulmonary function was confirmed. This co-linearity indicated the potential 
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic 
lung disease of increasing incidence with median survival of 
3–5 years (1,2). At present, pulmonary function tests (PFTs) 
and high-resolution computed tomography (HRCT) are 2 
key methods for assessing the severity and progression of 
IPF (3-5). The typical findings of IPF on HRCT include 
a subpleural and basal-predominant reticular pattern 
(RE) and honeycombing (HC) with or without traction 
bronchiectasis (TRBR) (6,7). Importantly, HC on HRCT 
independently predicts mortality in patients with IPF (8). 
However, a CT-based, visual, semi-quantitative evaluation 
method for assessing disease severity is vulnerable to 
interobserver variability; PFTs reflect whole lung function 
and so may not be performed in patients with severe IPF. 
In recent years, computer-assisted quantitative CT (QCT) 
has gained attention for proving to be more accurate than 
visual scoring (9,10). Nowadays, the method of QCT 
is mainly focused on the pulmonary parenchyma and 
pulmonary vasculature (11-13). Nakagawa et al. (12,14) 
developed a computer-aided method to measure the HC 
area on 3 axial HRCT slices and discovered that the HC 
area significantly correlated with the forced vital capacity in 
percent predicted values [FVC (%pred)] and the percentage 
of predicted diffusing capacity for carbon monoxide [DLco 
(%pred)]. In our previous research, the deep learning-
based segmentation algorithm was used to conduct a 
quantitative analysis of the volume of clot burden of acute 
pulmonary embolism and the volume of pulmonary vessels 
(15,16). There has been evidence of an association between 
pulmonary vascular-related parameters and the prognosis of 
IPF (9,17,18). Paradoxically, many of these methods make 
it difficult to distinguish HC from TRBR and pulmonary 
vascular.

Thus, there were 3 purposes in our research: (I) to 
segment and calculate the volumes of imaging features of 
IPF on HRCT, (II) to ascertain the association of imaging 
features with pulmonary function tests (PFTs), and (III) 

to quantify pulmonary vascular-related parameters and 
analyze the correlation with diverse lesions. We present 
the following article in accordance with the Strengthening 
the Reporting of Observational Studies in Epidemiology 
(STROBE) reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-21-1232/rc).

Methods

Study cohort and design 

This single-center, retrospective, cohort study was 
conducted in accordance with the Declaration of Helsinki 
(as revised in 2013). The study was approved by the Ethics 
Board of the China-Japan Friendship Hospital Committee 
(No. 2017-25), and individual consent for this retrospective 
analysis was waived. Patients diagnosed with IPF at the 
China-Japan Friendship Hospital from January 2015 
to June 2021 were included. The diagnosis of IPF was 
made by multidisciplinary teams according to the 2011 
American Thoracic Society (ATS), European Respiratory 
Society (ERS), Japanese Respiratory Society (JRS), and 
Latin American Thoracic Association (ALAT) criteria (6).  
All participants underwent standard protocols. The 
information we collected included age, gender, smoking 
history, body mass index (BMI), PFTs, and chest HRCT-
related parameters. The inclusion criteria were as follows: (I) 
patients with IPF who had received at least 1 supine HRCT 
scan and (II) PFTs completed within 1 week of HRCT. 
The exclusion criteria were as follows: (I) other comorbid 
lung disease such as combined pulmonary fibrosis and 
emphysema (CPFE) or pleural effusion or malignancy, (II) 
patients with heart failure, and (III) significant respiratory 
motion artifacts on HRCT. The detailed flow chart of 
patient screening is shown in Figure 1.

CT protocol

All participants underwent HRCT in a supine position at 
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the end of inspiration from the lung apex to the lung base 
on a multi-layer spiral CT device (Lightspeed VCT/64, GE 
Healthcare, Milwaukee, WI, USA; Toshiba Aquilion One 
TSX-301C/320, Toshiba, Tokyo, Japan; Philips iCT/256, 
Philips Healthcare, Best, The Netherlands; or Siemens 
FLASH Dual Source CT, Siemens Healthcare, Forchheim, 
Germany). The HRCT scanning protocol was spiral 
mode with the following acquisition and reconstruction 
parameters: tube voltage of 100–120 kV, tube current of 
100–300 mAs, section thickness of 0.625–1 mm, table 
speed of 39.37 mm/s, gantry rotation time of 0.8 s, and 
reconstruction increment of 1–1.25 mm. 

Lesion segmentation and quantitative assessment

Lung segmentation was performed using the deep learning-
based segmentation method (InferReadTM CT Lung, 
version R3.12.3; Infervision Medical Technology Co., 
Ltd., Beijing, China) and corrected by 2 radiologists. The 
radiologists, with 9 and 15 years of clinical experience, 
respectively, manually segmented 4 radiological features of 
IPF on HRCT: HC, RE, ground glass opacity (GGO), and 
TRBR. The HC is a subpleural collection of cystic air, the 
cysts are adjacent and in contact with the pleural surface, 
and the cyst size is usually 3–5 mm. The RE is composed 
of a fine network or mesh of overlapping linear lines within 
the secondary pulmonary lobules. A GGO comprises a 
homogenous area of increased pulmonary opacity where 

the increased opacity does not obscure the underlying 
bronchial and vascular structures and hence is less dense 
than consolidation. The TRBR involves irreversible 
dilatation of the airway associated with adjacent pulmonary 
fibrosis in which the dilated airways are generally irregular 
and tortuous (7). In this study, 3 equal segmentations of the 
lung in the vertical direction were performed (through the 
right upper lung, right middle lung, right lower lung, left 
upper lung, left middle lung, and left lower lung) (Figure 2) 
and the computer automatically measured the volume of the 
lesion at each site and calculated the lesion percentage from 
the lung volume.

Vessel segmentation and quantitative assessment

Based on our previous method (19), the lung vessels 
on HRCT were automatically segmented using an 
automatic integration segmentation method. The main 
vascular parameters quantified included total pulmonary 
vascular volume (TPVV), pulmonary vein volume (PVV), 
pulmonary artery volume (PAV), and the ratio of each to 
total lung volume along with the corresponding number of 
vessels. The major steps were as follows: (I) identification 
of extrapulmonary arteries and veins with the U-Net 
architecture, (II) identification of the intrapulmonary 
vessels with a computational differential geometry solution, 
(III) skeletonization of the intrapulmonary vessels to guide 
the tracing of adjacent vascular branches, (IV) tracing 

Figure 1 Flow diagram of eligibility criteria. IPF, idiopathic pulmonary fibrosis; HRCT, high-resolution computed tomography; PFTs, 
pulmonary function tests. 

Patients diagnosed with IPF
from 2015 to 2021

(n=538)

IPF with HRCT
(n=469)

IPF without other pulmonary lesions
(n=205)

PFTs completed within 1 week of HRCT 
(n=171)

Patients with high quality HRCT
(n=101)

Patients without HRCT
(n=69)

Patients combined with heart failure/other
 lung diseases or smoker (n=264)

PFTs completed >1 week of HRCT 
(n=34)

patients with unclear images
(n=70)
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the skeletons of the intrapulmonary vessels to distinguish 
arteries and veins starting from the extrapulmonary 
arteries and veins, and (V) the automatic segmentation of 
the pulmonary vascular tree, which was examined by the 
radiologist and manually corrected.

PFTs

The PFTs were performed according to ERS/ATS 
guidelines, and within 1 week of HRCT. Among them, 
we focused on analysis of the percentage of predicted 
vital capacity (VC%), percentage of predicted forced vital 
capacity (FVC%), forced expiratory volume in 1 second 
(FEV1%), percentage of predicted total lung capacity 
(TLC%), and DLco%. 

Statistical analysis

The software SPSS 24.0 (IBM Corp., Armonk, NY, USA) 
was used for statistical analysis. The Kolmogorov-Smirnov 
test was performed to assess the normality of the data. 
Continuous variables conforming to a normal distribution 
were expressed as mean ± standard deviation (SD), and non-
normally distributed continuous variables were expressed as 
median and interquartile range (IQR). Correlations between 
various vascular parameters, lesion extent, and PFTs were 
analyzed by Person/Spearman Rho correlation coefficients. 
A P value <0.05 was considered statistically significant.

Results 

Clinical characteristics

A total of 101 patients with a definitive diagnosis of IPF 
by multidisciplinary teams were included in this study. 

Demographic data, PFTs, and pulmonary vascular-related 
parameters are shown in Table 1. The median age of the 
patients was 63 years (IQR, 58 to 68 years) and they 
were predominantly male (92.1%). The mean interval 
between CT and PFTs was 4 days. Mean PFT results 
were 79.20%±21.76% for VC; 81.42%±23.26% for FVC; 
83.50%±21.94% for FEV1; 67.86%±14.13% for TLC; and 
56.53%±17.56% for DLco. 

Quantitative HRCT analysis 

Mean total lung volume was 3,813.95±914.16 mL. The RE 
was the most widespread class among the 4 major lesions, 
with a median volume of 286.78 mL (IQR, 126.36 to  
595.97 mL) and a median ratio of 8.30% (IQR, 3.37% to 
15.26%), followed by HC [0 mL (IQR, 0 to 103.80 mL) 
and 0% (IQR, 0 to 3.52%), respectively], TRBR [1.55 mL 
(IQR, 0.45 to 9.96 mL) and 0.04% (IQR, 0.01% to 0.25%), 
respectively], and GGO [0% (IQR, 0 to 0%) and 0% (IQR, 
0 to 0%), respectively] (Figure 3A,3B). Meanwhile, the 
lesion of the right lower lung was significantly higher than 
that of the middle lung and upper lung [27.50% (IQR, 
14.44% to 51.0%) vs. 7.05% (IQR, 3.33% to 17.03%) vs. 
4.65% (IQR, 0.77% to 15.47%), P<0.05], and the same 
phenomenon was also observed in the left lung (Table 2). 
Additionally, the median TPVV, TPVV ratios, and the 
number of vascular branches were 88.80 mL (IQR, 63.77 to 
121.77 mL), 0.02% (IQR, 0.02% to 0.03%), and 426 (IQR, 
334 to 556), respectively (Figure 3C).

Correlation between HRCT features and PFTs

There was a positive correlation between total lung 
volume and PFTs. Whereas lesion extent was negatively 

Figure 2 Three-equal segmentation of the right and left lung in the vertical direction was performed (A,B) and the total lung volume was 
calculated by summing up the area of each layer (C).

A B C
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associated with lung function, with the strongest correlation 
coefficient (r) between the total lesion volume ratio and 
PFTs (VC, r=−0.62, P<0.001; FVC, r=−0.60, P<0.001; 
FEV1, r=−0.57, P<0.001; TLC, r=−0.61, P<0.001; DLco, 
r=−0.67, P<0.001) (Figure S1A,S1B). Among the sub-
lesion categories, HC showed the strongest correlation 
with DLco (r=−0.45, P<0.001) followed by RE (r=−0.41, 
P<0.001), and TRBR correlated weakly with DLco (r=−0.25, 
P<0.001). The RE had the strongest relationship with 

VC (r=−0.48, P<0.001), FVC (r=−0.47, P<0.001), FEV1 
(r=−0.47, P<0.001), and TLC (r=−0.47, P<0.001). There 
was no statistical correlation between GGO and PFTs 
(P>0.05). Analysis of the extent of upper, middle, and 
lower lung lesions separately all revealed relationship with 
PFTs (P<0.001) (Figure S1C-S1H). Table 3 indicates that 
pulmonary vascular-related indices, such as pulmonary 
vascular volume and the number of vascular branches, were 
positively correlated with PFTs, and the highest correlation 
was found with DLco (r=0.28 to 0.41).

Correlation of lesions with vascular-related parameters

Total lesion volume was negatively correlated with both 
pulmonary vascular volume and the number of vascular 
branches (r=−0.43 to −0.34, P<0.001) (Figure S2). 
Particularly, HC (r=−0.48, P<0.001) was in significantly 
correlated with vascular volume, while TRBR and GGO 
were not associated with vascular-related indicators 
(P>0.05). Upper, middle, and lower lung lesions were all 
negatively related with vessel volume and the number of 
branches (P<0.05) (Table 4).

Discussion

In this study, we quantitatively measured the volume of CT 
features, including HC, RE, GGO, TRBR, and pulmonary 
vessels, and analyzed the correlation of these features with 
PFTs in patients with IPF. There were several findings in 
this cohort: (I) the total lesion extent and lesions at different 
sites all demonstrated significant negative correlations 
between PTFs and vascular-related parameters; (II) in 
the sub-lesion analysis, several lesion patterns, including 
HC, RE, and TRBR, showed negative correlations with 
PTFs, although GGO did not; and (III) HC and RE were 
negatively correlated with vascular-related parameters.

As a parameter that best reflects baseline disease severity 
in IPF, DLco is limited by measurement noise in the range 
of 5% to 15% (20,21). Accordingly, there is a growing trend 
to explore other potential markers of IPF with regards 
to disease severity or progression, such as hematological 
(22-24) and imaging markers (13,25). The extent of HC 
determined by quantitative CT analysis is correlated 
with PFTs and might be an important and independent 
predictor of mortality in IPF patients with a definite usual 
interstitial pneumonia (UIP) pattern (12). Quantitative 
analysis of HRCT by Torrisi et al. (26) indicated that mean 
lung density, high attenuation areas (HAA%), and fibrotic 

Table 1 Patient demographic characteristics 

Characteristics Value

Median age (years)† 63 (58 to 68)

Male/female 93/8

BMI (kg/m2)† 24.8 (23.9 to 26.1)

Mean pulmonary function test values#

VC% predicted 79.20±21.76

FVC% predicted 81.42±23.26

FEV1% predicted 83.50±21.94

TLC% predicted 67.86±14.13

DLco% predicted 56.53±17.56

Total lung volume (mL) # 3813.95±914.16

Pulmonary vascular-related indexes†

TPVV (mL) 88.80  
(63.77 to 121.77) 

TPVV (%) 0.02 (0.02 to 0.03)

The number of pulmonary vessel branches 426 (334 to 556) 

PAV (mL) 46.94  
(34.96 to 62.85)

PAV (%) 0.01 (0.01 to 0.02) 

The number of pulmonary artery branches 237 (191 to 283) 

PVV (mL) 40.15  
(28.58 to 59.84)

PVV (%) 0.01 (0 to 0.02)

The number of pulmonary vein branches 186 (134 to 279)
†, numbers in parentheses are the interquartile range; #, data 
represent mean values with SD. BMI, body mass index; VC%, 
percentage of predicted vital capacity; FVC%, percentage 
of predicted forced vital capacity; FEV1%, forced expiratory 
volume in 1 second; TLC%, percentage of predicted total lung 
capacity; DLco%, percentage of predicted diffusing capacity for 
carbon monoxide; TPVV, total pulmonary vascular volume; PAV, 
pulmonary artery volume; PVV, pulmonary vein volume.

https://cdn.amegroups.cn/static/public/QIMS-21-1232-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-21-1232-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-21-1232-supplementary.pdf
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areas (FA%) were also good predictors of the mortality of 
patients with IPF. Moreover, total lung volume and lung 
density qualified on HRCT correlated significantly with 
FVC as well as DLco and could predict the mortality of 
patients with CPFE (27,28). We qualified the lung volume 
of the and the volume ratios of 4 HRCT features with total 
lung in this study. These measurements considered the 
characteristics and ranges of different radiological features 
in the whole lung. 

In our work, the median total lesion volume and ratio 
were 522.42 mL and 12.85%, respectively, whereas detailed 
analysis of the median volumes of the 4 lesion ratios 
demonstrated significant differences. The median volume 
of the HC lesion was 0%, as some patients possibly had 
the pattern of UIP without accompanying HC changes. It 
is probable that HC may show a stronger correlation with 
PFT when the number of patients with the UIP pattern 
increases. It is not difficult to explain that UIP characterized 
with predominantly subpleural and basal HC and RE 
changes is a typical imaging feature of IPF, and the increases 
in these lesions were shown to be associated with a poorer 
prognosis of IPF (12,29,30). The total lesion volume ratio 
negatively correlated with the DLco. The predominance of 
HC and RE in multiple lesion types showed the strongest 
correlation with the DLco (HC%, r=−0.45, P<0.001; RE%, 
r=−0.41, P<0.001), which was consistent with previous 
research (12,14). The TRBR is often excluded from a 

Figure 3 A 62-year-old male patient with IPF who exhibited UIP pattern on HRCT. (A) The 3D visualization of the total pulmonary 
vascular with computerized segmentation (34.35 mL); (B) three typical lesion patterns: RE (yellow area), HC (blue area), and TRBR (red 
area); (C) the total volumes of RE (yellow area), HC (blue area) and TRBR (red area) in this patient were 122.61, 1,360.23, and 9.76 mL, 
respectively. IPF, idiopathic pulmonary fibrosis; UIP, usual interstitial pneumonia; HRCT, high-resolution computed tomography; TRBR, 
traction bronchiectasis; RE, reticular pattern; HC, honeycombing; GGO, ground glass opacity. 

A B C

Table 2 Quantitative analysis of four findings of IPF on HRCT

Characteristics Value

Total lesion volume (mL) 522.42 (251.32 to 836.55)

Total lesion ratio (%) 12.85 (6.24 to 22.53)

HC (mL) 0 (0 to 103.80)

HC (%) 0 (0 to 3.52)

RE (mL) 286.78 (126.36 to 595.97)

RE (%) 8.30 (3.37 to 15.26)

TRBR (mL) 1.55 (0.45 to 9.96)

TRBR (%) 0.04 (0.01 to 0.25)

GGO (mL) 0 (0 to 0)

GGO (%) 0 (0 to 0)

Right upper lung lesion (%) 4.65 (0.77 to 15.47)

Right middle lung lesion (%) 7.05 (3.33 to 17.03)

Right lower lung lesion (%) 27.50 (14.44 to 51.00)

Left upper lung lesion (%) 2.82 (0.50 to 8.21)

Left middle lunge lesion (%) 10.31 (2.96 to 18.48)

Left lower lung lesion (%) 28.61 (9.65 to 53.93)

All values are presented as median and interquartile range 
(IQR). IPF, idiopathic pulmonary fibrosis; HRCT, high-resolution 
computed tomography; TRBR, traction bronchiectasis; RE, 
reticular pattern; HC, honeycombing; GGO, ground glass 
opacity.
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Table 3 Correlation between the extent of lung lesions, vascular-related parameters, and lung function

Characteristics  VC% FVC% FEV1% TLC% DLco% 

Total lung volume (mL) 0.45** 0.47** 0.50** 0.49** 0.24*

All lesion volume (mL) −0.51** −0.49** −0.45** −0.50** −0.62**

All lesion ratio (%) −0.62** −0.60** −0.57** −0.61** −0.67**

HC (%) −0.12 −0.12 −0.09 −0.19 −0.45**

RE (%) −0.48** −0.47** −0.47** −0.47** −0.41**

TRBR (%) −0.29** −0.27** −0.17 −0.31** −0.25*

GGO (%) −0.07 −0.10 −0.08 −0.04 0.05

Right upper lung lesion (%) −0.54** −0.54** −0.51** −0.58** −0.57**

Right middle lung lesion (%) −0.52** −0.51** −0.48** −0.53** −0.52**

Right lower lung lesion (%) −0.49** −0.49** −0.48** −0.46** −0.52**

Left upper lung lesion (%) −0.43** −0.42** −0.38** −0.40** −0.48**

Left middle lunge lesion (%) −0.61** −0.58** −0.55** −0.55** −0.56**

Left lower lung lesion (%) −0.40** −0.39** −0.39** −0.38** −0.51**

Pulmonary vascular-related indexes

TPVV (mL) 0.31** 0.33** 0.34** 0.34** 0.36**

TPVV (%) 0.13 0.13 0.13 0.13 0.33**

The number of pulmonary vessel branches 0.29** 0.30** 0.31** 0.32** 0.36**

PAV (mL) 0.32** 0.34** 0.35** 0.36** 0.41**

PAV (%) 0.11 0.10 0.10 0.13 0.39**

The number of pulmonary artery branches 0.31** 0.33** 0.34** 0.37** 0.40**

PVV (mL) 0.29** 0.30** 0.31** 0.31** 0.31**

PVV (%) 0.15 0.15 0.15 0.15 0.28**

The number of pulmonary vein branches 0.27** 0.28** 0.29** 0.29** 0.33**

*, P<0.05; **, P<0.001. VC%, percentage of predicted vital capacity; FVC%, percentage of predicted forced vital capacity; FEV1%, 
percentage of forced expiratory volume in 1 second; TLC%, percentage of predicted total lung capacity; DLco%, percentage of predicted 
diffusing capacity for carbon monoxide. TPVV, total pulmonary vascular volume; PAV, pulmonary artery volume; PVV, pulmonary vein 
volume; TRBR, traction bronchiectasis; RE, reticular pattern; HC, honeycombing; GGO, ground glass opacity.

majority of quantitative studies as it represents a rather 
small percentage of lesions. Nevertheless, we identified 
relatively weak correlations between the TRBR ratio and 
lung function, as had been previously reported (9), which 
indicated that TRBR is associated with disease severity and 
cannot be ignored in future investigations. Analogously, 
we also triangulated the left and right lungs in the vertical 
direction to obtain 6 different regions. The lesions in 
different areas all correlated negatively with lung function 
but the correlation was weaker than that of total lesion 

extent.
The role of TPVV in the prognosis of IPF has been 

reported (9,17). In most studies, increased PVV tends to 
predict poorer prognosis, partly explained by decreased local 
pulmonary blood perfusion as a consequence of vascular 
disruption and remodeling within the fibrotic zone, which 
may lead to increased pulmonary artery pressure and vessel 
volume of uninvolved vessels in normal parenchymal areas 
adjacent to the fibrotic zone (31,32). Inversely, different 
results appeared to be obtained in our research. A positive 
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correlation was observed between pulmonary vascular and 
pulmonary function, which was especially more pronounced 
with the DLco (P<0.001).  The pulmonary artery 
parameters mildly enhanced the functional correlation 
compared to the total vascular parameters. Homoplastically, 
pulmonary vascular-related parameters such as pulmonary 
vessel volume and the number of vascular branches were 
negatively correlated with lesion extent, of which consistent 
results were also observed for the extent of the lesion at 
different sites. The HC still demonstrated the strongest 
correspondence with pulmonary vascular parameters. This 
phenomenon may be attributed to the severe destruction 
of capillary beds due to fibrosis, where compensatory 
vascular increase is not sufficient to compensate for the 
deficit of vessels. However, this result also prompted a 
potential question. The HC and pulmonary vessels are 
sometimes difficult to clearly delineate on CT because of 
similar imaging characteristics, and several studies have 
demonstrated possible errors in the segmentation of HC/
RE and pulmonary vessels (21). The same problem also 
existed in our research, in which HC showed a significant 
correlation with vessel volume, which was potentially the 
result of confounding.

There were several limitations to this study. First, the 

number of patients was limited due to the strict inclusion 
criteria. However, patients with well-characterized IPF 
remain scarce even in tertiary care centers, and multicenter 
collaboration may ameliorate this problem to some extent. 
Second, in cases of severe fibrosis, TPVV quantification 
may be confounded by RE, which may reduce the 
relationship between TPVV and pulmonary function. It 
is believed that a stronger correlation will be elucidated 
by algorithm optimization. Finally, our cohort excluded 
patients who were unable to perform PFTs due to severe 
disease, and patients, overall, had relatively mild disease; 
hence, our findings cannot be generalized to those with 
more severe disease.

Conclusions

Quantitative analysis of HRCT features demonstrated that 
increased HC and RE exhibit the strongest association 
decreased DLco in IPF. The pulmonary vascular volumes, 
especially pulmonary artery volumes, have a strong positive 
correlation with pulmonary function indicators and are 
negatively correlated with lesion extent. The covariance 
between vascular-related parameters and lesion extent as 
well as pulmonary function indicate that TPVV may be 

Table 4 Correlation of different lesion patterns with vascular-related parameters

Characteristics 
TPVV  
(mL)

TPVV  
(%)

The total number 
of pulmonary 

vascular branches

PAV  
(mL)

PAV  
(%)

The number 
of pulmonary 

artery branches

PVV  
(mL)

PVV  
(%)

The number of 
pulmonary vein 

branches

Total lung volume (mL) 0.53** 0.01 0.47** 0.59** −0.01 0.549** 0.45** 0.02 0.38**

All lesion volume (mL) −0.26** −0.35** −0.26** −0.26* −0.36** −0.29** −0.26** −0.33** −0.26**

All lesion volume (%) −0.39** −0.36** −0.38** −0.40** −0.36** −0.43** −0.37** −0.34** −0.36**

HC (%) −0.39** −0.48** −0.41** −0.32** −0.43** −0.31** −0.42** −0.47** −0.44**

RE (%) −0.18 −0.12 −0.19 −0.12 −0.20 −0.27** −0.12 −0.16 −0.15

TRBR (%) 0.04 0.04 0.03 0 0.02 −0.04 0.05 0.05 0.05

GGO (%) 0.09 0.12 0.06 0.15 0.11 0.04 0.09 0.07 0.05

Right upper lung lesion (%) −0.30** −0.26** −0.33** −0.27** −0.22* −0.35** −0.31** −0.27** −0.33**

Right middle lung lesion (%) −0.25* −0.23* −0.28** −0.24* −0.20* −0.31** −0.25* −0.22* −0.26**

Right lower lung lesion (%) −0.24* −0.22* −0.23* −0.25* −0.24* −0.28** −0.21* −0.19 −0.21*

Left upper lung lesion (%) −0.30** −0.19 −0.28** −0.29** −0.17 −0.32** −0.29** −0.21* −0.26**

Left middle lunge lesion (%) −0.36** −0.25* −0.34** −0.40** −0.26* −0.42** −0.33** −0.23* −0.29**

Left lower lung lesion (%) −0.36** −0.36** −0.34** −0.38** −0.38* −0.39** −0.33** −0.33** −0.32**

*, P<0.05; **, P<0.001. TPVV, total pulmonary vascular volume; PAV, pulmonary artery volume; PVV, pulmonary vein volume; TRBR, traction 
bronchiectasis; RE, reticular pattern; HC, honeycombing; GGO, ground glass opacity. 
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representative of a variable that simultaneously responds to 
interstitial disease and function.
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Supplementary

Figure S1 Correlation analysis of DLco with (A,B) total lesion volume, (C) right upper lung lesion ratio, (D) right middle lung lesion ratio, (E) 
right lower lung lesion ratio, (F) left upper lung lesion ratio, (G) left middle lunge lesion ratio, and (H) left lower lung lesion ratio.

Figure S2 Correlation analysis of DLco with pulmonary vascular-related parameters. (A) TPVV ratio; (B) the number of total pulmonary 
vascular branches; (C) PAV ratio; (D) the number of pulmonary artery branches; (E) PVV ratio; (F) the number of pulmonary vein branches. 
TPVV, total pulmonary vascular volume; PAV, pulmonary artery volume; PVV, pulmonary vein volume.


