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Background: The morphological differences in the pulmonary vascular tree between chronic
thromboembolic pulmonary hypertension (CTEPH) and chronic thromboembolic disease (CTED) are not
yet fully understood. This study aimed to use artificial intelligence (AI) segmentation technology to identify
morphological markers that can be used to differentiate CTEPH from CTED using computed tomography
pulmonary angiography (CTPA).

Methods: We conducted a retrospective cohort study with consecutive patients diagnosed with CTEPH,
CTED, and control subjects at the China-Japan Friendship Hospital from January 2019 to October 2023.
The study involved the automatic quantification of the pulmonary blood volume (BV), tortuosity, and
fractal dimension (FD) from CTPA images using an Al workstation. These morphological metrics were
compared among the three groups using the Kruskal-Wallis test. Correlations between these metrics and
the hemodynamic parameters were evaluated using Spearman’s rank correlation coefficients. Additionally, a
receiver operating characteristic (ROC) curve analysis was conducted to assess the discriminative ability of
pulmonary artery tortuosity to differentiate between each pair of groups.

Results: A total of 190 participants [57 years, interquartile range (IQR), 49-65 years, 97 men], including
116 CTEPH patients, 54 CTED patients, and 20 controls, were enrolled in this study. Pulmonary artery
tortuosity in the control, CTED, and CTEPH groups showed a progressively increasing trend [1.07 (IQR,
1.06-1.10) vs. 1.10 IQR, 1.07-1.14) vs. 1.14 (IQR, 1.10-1.18), P<0.01]. The area under the curve (AUC)
values of pulmonary arterial tortuosity for differentiating between the CTEPH patients and controls, CTED
patients and controls, and CTEPH patients and CTED patients were 0.859, 0.712, and 0.663, respectively.
There was a positive correlation between pulmonary artery tortuosity and mean pulmonary arterial pressure
(mPAP) (r=0.44, P<0.01), and pulmonary vascular resistance (PVR) (r=0.47, P<0.01). Additionally, the
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volume of the small- and medium-sized pulmonary arteries was significantly higher in the CTED patients
than the CTEPH patients (P<0.01). The pulmonary arterial FD among the three groups was comparable
(P=0.36).
Conclusions: Pulmonary arterial tortuosity on CTPA had auxiliary diagnostic value in differentiating
between CTEPH patients and controls, but its value in differentiating between CTED and CTEPH patients
requires further study. The reduced volume of small- and medium-sized pulmonary arteries in CTEPH
patients could indicate impaired pulmonary hemodynamics.
Keywords: Chronic thromboembolic pulmonary hypertension (CTEPH); chronic thromboembolic pulmonary
disease; computed tomography (CT); artificial intelligence (AI); tortuosity
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Introduction

Chronic thromboembolic pulmonary hypertension
(CTEPH) and chronic thromboembolic disease (CTED)
share similarities in terms of etiology, symptoms, and
vascular damage (1); however, they differ in terms of
pulmonary vascular pathology (2-6). Currently, there is no
evidence that CTED inevitably progresses to CTEPH (7).
CTEPH is characterized by more extensive vascular
obstruction than CTED, primarily at the segmental
level; thus, vascular obstruction is a dominant feature in
its pathophysiology (8). The 2022 European guidelines
highlight the importance of evaluating CTED to minimize
the risks of misdiagnosis and missed diagnoses (4).

Computed tomography pulmonary angiography (CTPA)
provides important findings of pulmonary embolism
and pulmonary hypertension (PH). Recent advances
in image analysis, particularly those involving artificial
intelligence (AI), have enabled the automatic segmentation
and quantification of pulmonary arteries, veins, and
airway structures (9,10). These innovations enhance the
assessment of pulmonary diseases such as PH, pulmonary
fibrosis, and chronic obstructive pulmonary disease (10-14).
Morphological parameters, such as volume, tortuosity, and
fractal dimension (FD), can be automatically quantified on
computed tomography (CT), offering novel insights into
the evaluation of pulmonary vessels and airways (9,10,12,13).
However, these new parameters are rarely used to evaluate
diseases associated with pulmonary embolism, and their
hemodynamic effects.

This study sought to employ an Al-based algorithm
to quantitatively analyze differences in morphological
parameters on CTPA between CTEPH and CTED.

© AME Publishing Company.

It also aimed to explore the correlation between these
morphological parameters and both hemodynamic and
clinical markers. We present this article in accordance with
the STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-1301/rc).

Methods
Population and study design

This single-center study was approved by the China-Japan
Friendship Hospital’s Ethics Committee (No. 2022-KY-
048) and conducted in accordance with the Declaration
of Helsinki (as revised in 2013). The requirement of
informed consent was waived due to the retrospective
nature of the study. Patients who underwent right heart
catheterization (RHC) for suspected CTEPH at China-
Japan Friendship Hospital between January 2019 and
October 2023 were retrospectively enrolled in this
study if they underwent both CTPA and RHC within
2 weeks. Both CTEPH and CTED were diagnosed
based on findings from either CTPA or ventilation/
perfusion (V/Q) scans. The diagnostic criteria for chronic
thromboembolism were as follows (4): after a minimum
of 3 months of standardized anticoagulation therapy, the
presence of chronic thrombosis was confirmed by either
CTPA or V/Q scans. Specifically, the V/Q scan had to
reveal perfusion defects involving two or more segments
that did not match ventilation abnormalities, or the CTPA
scan had to reveal signs of chronic thromboembolism.
Patients in the CTEPH group were required to have
a resting mean pulmonary arterial pressure (mPAP)
>20 mmHg, and pulmonary vascular resistance (PVR)
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Figure 1 Flow chart detailing selection of participant cohorts. PH, pulmonary hypertension; RHC, right heart catheterization; CTPA,

computed tomography pulmonary angiography; PEA, pulmonary endarterectomy; PAWP, pulmonary artery wedge pressure; CTEPH,

chronic thromboembolic pulmonary hypertension; mPAP, mean pulmonary arterial pressure; CTED, chronic thromboembolic disease.

>2 Wood units (WU). Patients with an mPAP <20 mmHg
were further categorized into two groups: the CTED
group, which comprised patients with chronic pulmonary
embolism, and the control group, which comprised
patients without chronic pulmonary embolism.

Patients were excluded from the study if they met
any of the following exclusion criteria: (I) were aged <18
or >75 years; (II) had not undergone CTPA or RHC at
China-Japan Friendship Hospital; (III) had poor-quality
CTPA images (e.g., motion artifacts or inadequate contrast
enhancement), or incomplete RHC data; (IV) had been
diagnosed with fibrosing mediastinitis, vasculitis, or
pulmonary artery sarcoma; (V) had other subtypes of PH
(Group 1, 2, 3, or 5); (VI) had pulmonary artery wedge
pressure (PAWP) >15 mmHg or mPAP >20 mmHg but low
PVR (=2 WU); (VII) had congenital heart disease; and/or
(VIII) had undergone pulmonary thromboendarterectomy

© AME Publishing Company.

prior to CTPA. Figure 1 provides a flowchart outlining the
participant selection process and group allocation.

CTPA scan protocol

All patients underwent supine CTPA with either a 256-
row CT (GE Revolution CT, USA) or a 320-row CT
(Aquilion ONE, Japan) at the end of expiration, from
the lung base to the apex. For the GE Revolution CT,
the CTPA scan parameters were as follows: tube rotation
speed: 0.28 s/rotation; tube voltage: kilovolt intelligent
decision technology (kilovolt assist; 100 and 120 kV); pitch:
0.992:1; slices x collimator width: 256 x 0.625 mm; and
reconstruction image slice thickness and spacing: 0.625
mm. For the Aquilion ONE, the CTPA scan parameters
were as follows: tube rotation speed: 0.35 s/rotation; tube
voltage: 120 kVp; slices x collimator width: 320 x 0.5 mm;
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Figure 2 Measurement of vessel and airway parameters on three-dimensional in-home Al workstation. (A) Vessel and airway reconstruction,

segmentation, skeleton extraction, and qualification; pulmonary arteries are shown in blue, and veins are shown in red. (B) Schematic

diagram of tortuosity and fractal dimension calculation. CTPA, computed tomography pulmonary angiography; AV, arteriovenous; Al,

artificial intelligence.

and reconstruction image slice thickness and spacing: 0.5
mm. The non-ionic contrast agent was Ultravist (370
mg I/mL, Schering Bayer), and the injection speed was 4
to 4.5 mL/s and 50 mL of physiological saline was used.
The contrast agent detection method was automatically
triggered, with the main pulmonary artery level selected
as the trigger point, and the trigger threshold was set at
80 HU.

Quantification of pulmonary vessel and airway parameters

CTPA images in Digital Imaging and Communications

© AME Publishing Company.

in Medicine (DICOM) format were transferred to a
three-dimensional, in-house AI workstation (FACT
Al+digitalLung version 1.0, Shenzhou Dexin Medical
Imaging Technology Co., Ltd., Shanxi, China, http://
www.dexhin.com). Pulmonary vessels and airway trees
were automatically segmented using a deep learning-
based algorithm (15,16) (Figure 2A). A schematic diagram
illustrating the method for calculating the tortuosity and
FD of the pulmonary vascular tree is shown in Figure 2B.
The detailed steps for segmentation, bone extraction, and
the measurement of tortuosity and FD have been described
in previous research (9).
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The calculation of tortuosity followed the distance metric
technique described in earlier studies (10,13). Tortuosity
was defined as the ratio of the actual length of a vessel
segment (between the bifurcation points or terminal ends)
to the straight-line distance between those same points.
Additionally, given the parallel anatomical characteristic
of the pulmonary arteries and airways, we introduced a
novel metric; that is, the bronchovascular bundle tortuosity
difference, which measures the tortuosity difference
between the pulmonary artery and the airway.

The FD of pulmonary vessels and airways was calculated
using the box-counting method to assess the complexity and
space-filling nature of these tubular structures (11,13,14).

Pulmonary BV-related metrics were also automatically
segmented and quantified, including the total volume of
vessels, total blood volume of pulmonary arteries (TBV ),
total blood volume of pulmonary veins (TBVygy), number
of vessel branches, and cross-sectional area of these vessels.
"To classify the vascular blood volume (BV), we categorized
vessels into the following three groups based on their cross-
sectional areas (10,17): BVS5, BV10, and BV10+, representing
vessels with cross-sectional areas <5 mm?’, <10 mm’,
and >10 mm’, respectively. To ensure comparability and
accuracy in comparisons between different groups, the
following two standardization methods were employed
for processing (13): (I) the proportions of BVS5, BV10, and
BV10+ relative to the total lung volume were expressed
as pBV5, pBV10, and pBV10+, respectively; (II) the
proportions of these metrics relative to the total blood
volume (TBV) in the area of interest were represented as
BV5/TBV, BV10/TBV, and BV10+/TBYV, respectively.

In addition, conventional metrics were independently
measured on CTPA axial images by two experienced
chest radiologists (with 6 years of experience each). These
included the main pulmonary artery diameter (MPAd),
the ascending aorta diameter (AAd), and the maximum
transverse diameters of the right ventricle and left ventricle
ratio (RV/LV ratio).

RHC

All participants received RHC via the right internal
jugular or the femoral vein using a 6F Swan-Ganz device
(Bioptimal, for Thermodilution). The following resting
hemodynamic parameters were recorded: mPAP, PAWP,
mean right atrial pressure (mRAP), and stroke volume (SV),
as well as the cardiac output (CO) and cardiac index (CI)
during this process. PVR was calculated using the following

© AME Publishing Company.

formula (18): PVR (WU) = (mPAP - PAWP)/CO.

Statistical analysis

The statistical analysis was performed using IBM SPSS
Statistics 27.0 (SPSS Inc., for MAC, IBM Corp., Armonk,
USA), Graphpad Prism (version 9.5.0, GraphPad Software,
USA), and Origin (version 2021, OriginLab Corporation,
USA). The Shapiro-Wilks test was used to assess the
normality of the variables. The continuous variables are
expressed as the median value with the interquartile range
(IQR). The normally distributed variables were subjected
to between-group comparisons using a one-way analysis
of variance, with subsequent post-hoc pairwise analyses of
significant variances applying Bonferroni adjustments for
multiple comparisons. For the non-parametric multiple-
group comparisons, the Kruskal-Wallis test was used. The
count data are expressed as the frequency (percentage), and
were analyzed for statistical differences using the chi-square
test or Fisher’s exact test. A receiver operating characteristic
(ROC) curve analysis was conducted to examine pulmonary
arteries tortuosity and the bronchovascular bundle
tortuosity difference. The correlations between the CTPA
morphologic parameters, hemodynamics, and clinic
data were analyzed using Spearman’s rank correlation
coefficients. The classification of correlation coefficients
was as follows: r<0.2: no correlation; 0.2<r<0.4: weak
correlation; 0.4<r<0.6: moderate correlation; 0.6<r<0.8:
strong correlation; and r>0.8: very strong correlation.
Two-sided P values of <0.05 were considered statistically
significant.

Results
Patient characteristics

The study ultimately enrolled 190 patients (57 years, IQR,
49-65 years, 97 men), comprising 116 CTEPH patients
(59 years, IQR, 51-66 years, 58 men), 54 CTED patients
(54 years, IQR, 45-66 years, 29 men), and 20 control
subjects (54 years, IQR, 48-61 years, 9 men). As Figure 1
shows, CTPA images from 18 patients were excluded due
to unsuccessful vessel or airway segmentation on the Al
workstation, resulting in a segmentation success rate of
92%. The post-processing time for each CTPA dataset was
approximately 3-5 minutes per patient. Tiable I presents
the demographic and clinical data, while intergroup

comparisons are detailed in Table S1. The CTED and
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Table 1 Demographic and clinical characteristics and hemodynamics of patients in the CTED, CTEPH, and control groups

Characteristics Control group (N=20) CTED group (N=54) CTEPH group (N=116) P value®
Age (years) 54 [48-61] 54 [45-66] 59 [51-66] 0.12
Gender (male/female) 9/11 29/25 58/58 0.92
BMI (kg/m?) 24 [19-28] 25 [23-27] 24 [22-27] 0.41
NT-proBNP (pg/mL) 43 [16-68] 54 [24-83] 453 [121-1,241] <0.01
6MWD (m) 497 [461-516] 482 [450-554] 392 [300-460] <0.01
NYHA FC (llI/IV) 0 6(11.1) 54 (46.5) <0.01
Resting supine hemodynamics
mPAP (mmHg) 14 [10-16] 16 [13-18] 39 [29-47] <0.01
PAWP (mmHg) 8[5-12] 10 [8-12] 10 [8-12] 0.30
PVR (WU) 1.3 [0.6-1.6] 1.4[0.8-1.9] 9.1 [5.6-13.6] <0.01
SV (mL) 64.4 [52.3-85.3] 63.0 [51.8-77.8] 47.8 [32.9-61.1] <0.01
CO (L/min) 4.4 [4.2-51] 4.6 [3.8-5.3] 3.4[2.5-4.2] <0.01
Cl (L/min/m?) 2.7 [2.3-2.9] 2.5[2.2-3.2] 2.0 [1.6-2.3] <0.01

The data are reported as the median [interquartile range] for the continuous variables, and the number (percentage) for the count data.
?, P value represents two-sided significance from a one-way analysis of variance, Shapiro-Wilks test, chi-square test, or Fisher’s exact test.
CTED, chronic thromboembolic disease; CTEPH, chronic thromboembolic pulmonary hypertension; BMI, body mass index; NT-proBNP,
N-terminal-pro-B-type natriuretic peptide; 6BMWD, 6-minute walking distance; NYHA FC, New York Heart Association classification
functional class; mPAP, mean pulmonary arterial pressure; PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular resistance;
WU, Wood units; SV, stroke volume; CO, cardiac output; Cl, cardiac index.

control groups had significantly lower mPAP and PVR than
the CTEPH patients (P<0.01).

Pulmonary morphological parameters

Figure 3 presents cases of pulmonary vascular morphology
in CTEPH and CTED patients. Table 2 summarizes the
tortuosity and FD of pulmonary arteries, veins, and airways,
with detailed intergroup comparisons presented in Table S2.
The pulmonary artery tortuosity and bronchovascular
bundle tortuosity difference exhibited a stepwise increase,
rising from the control group to the CTED group, and
rising further to the CTEPH group (P<0.01). However, the
FD of the pulmonary arteries did not differ significantly
among the three groups (P=0.36). Similarly, both the
tortuosity (P=0.50) and FD (P=0.23) of the pulmonary veins
were comparable across the three groups.

As Table 3 shows, the small- and medium-sized pulmonary
artery volume parameters, such as pBVS5, pBV10, BV5/
TBV,xr, and BV10/TBV,g, were lower in the CTEPH
group than the CTED group. Conversely, as Figure 4
shows, the large pulmonary artery volume parameters, such

© AME Publishing Company.

as pBV10+ and BV10+/TBV,yy, were higher in the CTEPH
group (P<0.01). No significant differences were observed in
the standardized venous parameters between the CTEPH
and CTED groups. Intergroup comparisons are detailed
in Table S3. Table S4 shows the count of airway branches,
their lengths, and airway volumes among the three groups;
no significant differences were found.

Moreover, as Table 3 shows, the MPAd and MPAd/AAd
ratio were more elevated in both the CTED and CTEPH
groups than the control group. Pairwise comparisons of
these metrics among the three groups are presented in
Table S3.

Correlation of pulmonary morphologic parameters with
bhemodynamics

Figure 5 displays a correlation heat map illustrating
the relationships between the pulmonary morphologic
parameters, hemodynamics, and clinical indicators. The
pulmonary artery tortuosity and bronchovascular bundle
tortuosity difference were found to be moderately positively
correlated with the mPAP, PVR, and N-terminal-pro-
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CTED patient CTEPH patient

Figure 3 Example of volume reconstruction of pulmonary vessels and vascular tree skeleton in patients. (A-C) Illustrate vascular
reconstructions and skeletons of a 56-year-old patient with chronic thromboembolic pulmonary disease; pulmonary arteries are represented
in blue, while veins are depicted in red. Notably, the proximal vessels maintain their normal caliber without dilation, and their distal
segments exhibit a straight appearance (as indicated by the circle around the A9 segment of the right pulmonary artery). Visually, the
venous vascular bed appears denser compared to that typically observed in CTEPH. (D-F) Present vascular reconstructions and skeletons
of a 58-year-old patient diagnosed with CTEPH. These images highlight several key features: the proximal pulmonary arteries are notably
enlarged; tortuosity is increased (as indicated by the circle around the right A9 segment); and there is evidence of pruning in the distal

branches of the pulmonary arteries. CTED, chronic thromboembolic disease; CTEPH, chronic thromboembolic pulmonary hypertension.

Table 2 Comparison of the tortuosity and fractal dimension in the CTEPH, CTED, and control groups

Tortuosity and fractal dimension Control group (N=20) CTED group (N=54) CTEPH group (N=116) P value®

Tortuosity
Avrterial tortuosity 1.07 (1.06-1.10) 1.10 (1.07-1.14) 1.14 (1.10-1.18) <0.01
Venous tortuosity 1.07 (1.06-1.10) 1.08 (1.06-1.10) 1.08 (1.06-1.10) 0.50
Airway tortuosity 1.02 (1.01-1.02) 1.02 (1.01-1.02) 1.02 (1.01-1.02) 0.58
PA/PV tortuosity ratio 1.00 (0.98-1.03) 1.03 (1.00-1.05) 1.05 (1.01-1.08) <0.01
Bronchovascular bundle 0.06 (0.05-0.08) 0.08 (0.06-0.11) 0.12 (0.08-0.16) <0.01
tortuosity difference®

FD
Arterial FD 3.02 (2.92-3.07) 3.04 (2.94-3.21) 3.02 (2.93-3.15) 0.36
Venous FD 3.05 (2.92-3.23) 3.06 (2.90-3.20) 3.02 (2.89-3.14) 0.23
Airway FD 3.00 (2.90-3.15) 3.00 (2.84-3.18) 3.04 (2.77-3.24) 0.81

Data are presented as the median and interquartile range for the continuous variables. ?, P value represents two-sided significance from
a one-way analysis of variance or Shapiro-Wilks test; °, the numerical value obtained by subtracting the airway morphological parameters
from the pulmonary arterial morphological parameters. CTEPH, chronic thromboembolic pulmonary hypertension; CTED, chronic

thromboembolic disease; PA, pulmonary artery; PV, pulmonary vein; FD, fractal dimension.

© AME Publishing Company.
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Table 3 Comparison of CTPA-derived volume metrics among the CTEPH, CTED, and control groups
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Volume metrics

Control group (N=20)

MPAd, mm
MPAd/AAd ratio
RV/LV ratio
Pulmonary artery
Branch number
TBV,er (ML)
pBV5 (mL/L)
pBV10 (mL/L)
pBV10+ (mL/L)
BV5/TBV,gr (%)
BV10/TBV a1 (%)
BV10+/TBV g1 (%)
Pulmonary vein
Branch number
TBVygn (ML)
pBV5 (mL/L)
pBV10 (mL/L)
pBV10+ (mL/L)
BV5/TBVyey (%)
BV10/TBV gy (%)
BV10+/TBV gy (%)

24.0 (23.0-26.2)
0.77 (0.67-0.88)
0.78 (0.68-0.89)

1,109 (996-1,234)
119.8 (103.2-134.2)
5.8 (4.8-6.3)
13.4 (10.6-15.7)
17.0 (12.5-19.6)
0.19 (0.15-0.23)
0.44 (0.42-0.49)
0.55 (0.49-0.57)

1,045 (821-1,100)
121.0 (100.0-133.6)
4.5 (3.8-5.7)
11.8 (10.2-14.2)
15.4 (12.3-22.3)
0.17 (0.14-0.19)
0.42 (0.40-0.45)
0.57 (0.53-0.59)

CTED group (N=54) CTEPH group (N=116) P value®
26.4 (24.5-29.4) 35.6 (32.8-37.9) <0.01
0.84 (0.74-0.98) 1.10 (0.98-1.23) <0.01
0.75 (0.68-0.84) 1.31 (0.95-1.72) <0.01
880 (766-1,060) 878 (719-1,078) <0.01

107.1 (88.0-128.7) 123.3 (100.5-142.0) <0.01
5.4 (4.2-6.2) 4.5 (3.6-5.8) 0.01
13.4 (11.3-15.7) 12.3(10.2-13.8) 0.04
15.6 (12.0-20.7) 19.2 (13.7-25.2) <0.01
0.18 (0.14-0.23) 0.15 (0.10-0.20) 0.03
0.45 (0.38-0.52) 0.40 (0.32-0.45) <0.01
0.54 (0.47-0.60) 0.59 (0.53-0.67) <0.01
880 (745-1,109) 879 (749-1,057) 0.21
112.0 (92.8-132.0) 106.0 (88.3-119.5) 0.03
5.3 (3.7-6.1) 4.6 (3.7-5.4) 0.34
13.3 (11.2-15.5) 11.9 (10.3-13.9) 0.20
19.3 (14.2-24.4) 14.9 (11.4-20.5) 0.05
0.16 (0.13-0.19) 0.17 (0.13-0.21) 0.40
0.42 (0.39-0.44) 0.44 (0.38-0.48) 0.20
0.57 (0.55-0.61) 0.55 (0.51-0.61) 0.22

Data are presented as the median and interquartile range for the continuous variables. ?, P value represents two-sided significance
from a one-way analysis of variance or Shapiro-Wilks test. CTPA, computed tomography pulmonary angiography; CTEPH, chronic
thromboembolic pulmonary hypertension; CTED, chronic thromboembolic disease; MPAd, main pulmonary artery diameter; MPAd/AAd
ratio, main pulmonary artery to ascending aorta diameter ratio; RV/LV ratio, right ventricle and left ventricle ratio; TBV, total blood volume;
TBV,gr, total blood volume of pulmonary arteries; TBV g, total blood volume of pulmonary veins.

B-type natriuretic peptide levels (R=0.42-0.47; P<0.01).
The BV10+ arteriovenous ratio showed a strong positive
correlation with the mPAP and PVR (R=0.66, 0.64;
P<0.01). The BV5/TBV,xr and BV10/TBV ¢ ratios were
weakly negatively correlated with the mPAP (R=-0.32,
-0.39; P<0.01), while the BV10+/TBV, iy ratio was weakly
positively correlated with the mPAP (R=0.39; P<0.01).

ROC curve analysis

Table 4 presents the diagnostic performance of the pulmonary
artery tortuosity and bronchovascular bundle tortuosity

© AME Publishing Company.

difference in distinguishing among the CTEPH, CTED,
and control groups. In the comparison of the CTEPH and
control groups, pulmonary artery and bronchovascular
bundle tortuosity differences greater than 1.12 and 0.07
yielded area under the curve (AUC) values of 0.859 and
0.864 for diagnosing CTEPH (P<0.01). In the comparison
of the CTEPH of the CTED groups, tortuosity differences
greater than 1.11 and 0.12 yielded AUC values of 0.663 and
0.674 for diagnosing CTEPH (P<0.01). Similarly, in the
comparison of the CTED and control groups, tortuosity
differences greater than 1.09 and 0.08 yielded AUC values of
0.712 and 0.722 for diagnosing CTED (P<0.01).
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Figure 4 Violin plot of pulmonary artery tortuosity and the pulmonary artery blood volume ratio. The violin plot compares the pulmonary

artery tortuosity and proportional volumes of small (BV5), small-to-medium (BV10), and large (BV10+) arteries among the three groups. *,
P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001; ns, not significant. ART, artery; TBV, total blood volume; CTED, chronic thromboembolic

disease; CTEPH, chronic thromboembolic pulmonary hypertension.

Discussion

In this study, we quantitatively analyzed pulmonary vascular
tortuosity, FD, and volume on CTPA among CTED,
CTEPH, and control groups, and made several notable
findings. First, pulmonary artery tortuosity gradually
increased across the control, CTED, and CTEPH groups.
Second, the FD of pulmonary artery did not change as
mPAP and PVR increased. Third, compared to the CTED
group, the pBVS, pBV10, BV5/TBV gy, and BV10/TBV g
parameters were significantly reduced in the CTEPH group.

Following advances in Al for medical imaging and
analysis, the automatic segmentation of pulmonary vessels
and airway trees has been successfully implemented using
an in-house Al workstation (15,16). Tortuosity is a common

© AME Publishing Company.

feature of hypertension in the systemic circulation, where
severely twisted vessels can compromise blood flow and
lead to ischemia (13,19,20). Similarly, in the pulmonary
circulation, as mPAP increases, the pulmonary arteries
become progressively more tortuous, reflecting structural
changes in response to chronic pressure overload (13,20).
We observed a significant increase in pulmonary artery
tortuosity in the CTED and CTEPH patients, which
aligns with the observations reported by Rahaghi et /. (13).
Additionally, we found that pulmonary artery tortuosity had
a moderate positive correlation with mPAP and PVR; thus,
it could serve as an indicator of disease severity in CTED
and CTEPH. To our knowledge, the bronchovascular
bundle tortuosity difference has not been previously applied
in the field of PH. The pulmonary artery tortuosity and
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Figure 5 Correlation heatmap of the pulmonary morphological metrics and hemodynamics with clinical indicators. *, P<0.05; **, P<0.01.
T, tortuosity; ART, artery; T difference, bronchovascular bundle tortuosity difference; FD, fractal dimension; BV, blood volume; TBV, total
blood volume; AV arteriovenous; mPAP, mean pulmonary arterial pressure; PVR, pulmonary vascular resistance; PAWP, pulmonary artery
wedge pressure; CO, cardiac output; CI cardiac index; 6MWD, 6-minute walking distance; NT-proBNP, N-terminal-pro-B-type natriuretic
peptide.

Table 4 Receiver operating characteristic curves of pulmonary artery-related tortuosity among the CTEPH, CTED, and control groups

Cut-off 95% Cl
Variables AUC SE P value Sensitivity ~ Specificity
value Lower limit ~ Upper limit

CTEPH vs. control group
Arterial tortuosity 1.12 0.859 0.040 0.786 0.943 <0.01 0.88 0.70
Bronchovascular bundle 0.07 0.864 0.040 0.780 0.937 <0.01 0.73 0.85
tortuosity difference

CTEPH vs. CTED group
Arterial tortuosity 1.11 0.663 0.045 0.580 0.758 <0.01 0.73 0.67
Bronchovascular bundle 0.12 0.674 0.679 0.591 0.767 <0.01 0.51 0.76
tortuosity difference

CTED vs. control group
Arterial tortuosity 1.09 0.712 0.064 0.588 0.837 <0.01 0.65 0.65
Bronchovascular bundle 0.08 0.722 0.063 0.598 0.847 <0.01 0.67 0.70

tortuosity difference

CTEPH, chronic thromboembolic pulmonary hypertension; CTED, chronic thromboembolic disease; AUC, area under the curve; SE,
standard error; Cl, confidence interval.
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bronchovascular bundle tortuosity differences showed
substantial diagnostic efficacy in distinguishing between
the CTEPH and control groups. However, given the small
sample size of the control group, further studies with larger
cohorts need to be conducted to validate and confirm
these findings. The ability of these tortuosity parameters
to differentiate between CTEPH and CTED was not as
strong. Additionally, the difference in pulmonary vein
tortuosity among the three groups was not statistically
significant, which might have been due to factors like the
high compliance of the venous system (13).

FD is a metric used to describe irregular or complex
shapes (21). Given that both vessels and airways exhibit
continuous subdivision and self-similarity, FD can assess the
space-filling capacity and structural complexity of vascular
and airway trees (19,22-24). A previous study reported that
lower FD values in the pulmonary arteries were associated
with poorer survival rates (22). Meng ez al. reported that the
pulmonary arterial FD in CTEPH and CTED patients was
similar (23). In our study, FD was found to be comparable
among the CTEPH, CTED and control groups, and no
correlation was found between FD and the hemodynamic
parameters.

Following two normalization methods (10,17), the
PBVS st pBV10,gr, BVS/TBVigy, and BV10/TBV er
parameters, representing small- and medium-sized
pulmonary arteries, were significantly reduced in the
CTEPH group compared to the CTED and control
groups. They also had a weak negative correlation with
mPAP. Distal pulmonary microvascular lesions are a key
factor in the persistent elevation of mPAP in CTEPH
patients (25,26), which suggests that changes in small- and
medium-sized pulmonary arteries are important imaging
indicators of hemodynamic impairment. These findings
align with pathological observations in large animal models
of CTEPH, and with changes in CT iodine maps (27).
Conversely, BV5, and BV10,, were significantly higher
in the CTED group than the CTEPH group, but were
comparable to those in the control group. This is consistent
with the finding of Dragsbaek er 4/. (28), who reported no
significant distal vessel remodeling in a CTED pig model.
Based on these findings, the lack of small-vessel remodeling
may explain the absence of PH in CTED. While both the
CTEPH and CTED patients had a reduced number of
vascular branches compared to the control subjects, the
difference between the CTEPH and CTED groups was not
statistically significant.

Compared with the CTED and control groups,

© AME Publishing Company.

conventional parameters such as the MPAd, MPAd/AAd
ratio, and RV/LV ratio were significantly increased in the
CTEPH patients. A previous study indicated that CTED
patients may have insignificant right heart dysfunction,
especially diastolic dysfunction (29), but these slight
functional changes were not reflected in the structural
parameters. This suggests that the standardized values of
small- and medium-sized pulmonary arteries volume and
pulmonary arteries tortuosity are more sensitive indicators
than traditional structural parameters, indicating that
pulmonary hemodynamic impairment has occurred in

CTED patients.

Limitations

The study had several limitations. First, it was a single-
center study with a small cohort of CTED patients and
control subjects, and the non-normal distribution limits
the generalizability of our findings. Larger studies with
more diverse populations are needed to validate our results.
Second, there is a need to standardize computer algorithms
for analyzing the pulmonary vasculature. In this study,
we used BV10+ data, which included the BV in the main
pulmonary artery, to evaluate pulmonary function and
structural changes. Additionally, further refinement in the
precision of pulmonary vessel segmentation is necessary, as
accurate segmentation is crucial for assessing pulmonary
vascular volume reliably.

Conclusions

Pulmonary artery tortuosity has potential as an auxiliary
diagnostic tool for distinguishing between CTEPH patients,
CTED patients, and control subjects. Additionally, reduced
volumes in small- and medium-sized pulmonary arteries may
serve as indicators of impaired pulmonary hemodynamics.
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