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Background: Computed tomography pulmonary angiography (CTPA) is frequently performed in patients
with pulmonary hypertension (PH) and may aid non-invasive estimation of pulmonary hemodynamics. We,
therefore, investigated automated volumetry of intrapulmonary vasculature on CTPA, separated into core
and peel fractions of the lung volume and its potential to differentially reflect pulmonary hemodynamics in
patients with pre- and postcapillary PH.

Methods: A retrospective case-control study of 72 consecutive patients with PH according to the 2022 joint
guidelines of the European Society of Cardiology and the European Respiratory Society who underwent
right heart catheterization (RHC) and CTPA within 7 days between August 2013 and February 2016 at
Thoraxklinik at Heidelberg University Hospital (Heidelberg, Germany) was conducted. Vessel segmentation
was performed using the in-house software YACTA. Vascular volumes in different core and peel fractions
of the lung were corrected for body surface area. Spearman correlation coefficients with mean pulmonary
arterial pressure (mPAP), pulmonary arterial wedge pressure (PAWP) and pulmonary vascular resistance
(PVR) were calculated, and a linear regression analysis was done to account for potential confounders.
Results: Median age of the study sample was 71.5 years [interquartile range (IQR), 60.0-77.0 years], 48
(66.67%) were female. Median mPAP was 35.5 mmHg (IQR, 27.0-47.2 mmHg). Postcapillary PH was
present in 24/72 (33.3%) patients and precapillary PH in 48/72 (66.7%) patients. Moderate to strong
correlations between core intrapulmonary vessel volumes and mPAP were observed in postcapillary PH
patients with a maximum at 50% core lung volume (r=0.71, P<0.001). No significant influence of age or sex
on this relationship was identified. Correlation with RHC measurements was weak or negligible in patients
with precapillary PH.

Conclusions: Automated volumetry of vessels in the core lung strongly correlated with mPAP in patients
with postcapillary PH and has potential for non-invasive assessment of postcapillary PH in patients
undergoing CTPA.
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Introduction
Background

Pulmonary hypertension (PH) is defined by a pathological
increase in mean pulmonary arterial pressure (mPAP) (1,2).
It can occur as an isolated condition but most commonly
represents a complication of a pre-existing condition, such
as heart or lung disease. The clinical classification of PH
mirrors this, grouping PH forms based on hemodynamic
characteristics and treatment strategies (1). The diagnosis of
PH requires invasive measurement of mPAP via right heart
catheterization (RHC). Recently, a revised hemodynamic
definition of PH, lowering the mPAP threshold for
the diagnosis of PH from >25 to >20 mmHg, had been
proposed during the 6™ World Symposium on Pulmonary
Hypertension in 2018 (3) and was subsequently adopted

Highlight box

Key findings

¢ Automated volumetry of core and peel intrapulmonary vessels
based on computed tomography is feasible.

® Vessel volume in the core lung strongly correlates with mean
pulmonary arterial pressure (mPAP) in patients with postcapillary
pulmonary hypertension (PH).

What is known and what is new?

® The main pulmonary arteries are known to be dilated in patients
with PH and a reduction in small peripheral pulmonary vessels has
been demonstrated in patients with various forms of PH.

¢ Systematic analysis of intrapulmonary vessel volumes in
various core and peel fractions of the lung, which had not been
previously conducted, identified a strong correlation between
core intrapulmonary vessel volumes and mPAP in patients with
postcapillary PH with a maximum at 50% core lung volume.

What is the implication, and what should change now?

e The technique might assist in non-invasive hemodynamic
evaluation in patients with postcapillary PH and may have further
potential for treatment monitoring.

® The technique should be evaluated further in larger, prospective
studies to validate its use for non-invasive evaluation of patients
with postcapillary PH.

© AME Publishing Company.

by the 2022 joint guidelines by the European Society of
Cardiology (ESC) and the European Respiratory Society
(ERS) (1). Additionally, measurements of pulmonary arterial
wedge pressure (PAWP) are required to differentiate
postcapillary types of PH (PAWP >15 mmHg) from
precapillary PH and pulmonary vascular resistance (PVR)
is needed to quantify a precapillary component of PH. PH
due to left heart disease is a form of postcapillary PH and
the most frequent type of PH (4). Its treatment differs from
precapillary types of PH and focusses on the underlying
heart disease (1).

Rationale and knowledge gap

PH is associated with remodelling of the pulmonary
vasculature, resulting in pruning of the small pulmonary
vessels and increased pulmonary arterial pressure (5,6).
Consecutive increases in diameter and volume of the
extrapulmonary main pulmonary arteries in patients
with PH have been repeatedly demonstrated (7-12).
Computed tomography pulmonary angiography (CTPA)
is frequently performed in patients with PH to rule out
pulmonary embolism and to assess the lung parenchyma (1).
Recent studies have suggested potential use of automated
segmentation of central pulmonary arteries or cardiac
chambers on CTPA in patients with confirmed or
suspected PH to improve patient selection for invasive
hemodynamic testing (12-16). However, only a few studies
have investigated segmentation of the intrapulmonary
vasculature and mainly focused on the most peripheral
vessels (10,17-23). Furthermore, few data have been
published on intrapulmonary vascular volume in patients
with PH according to the updated hemodynamic definitions
per the 2022 updated ESC/ERS guidelines.

Objective

For the present study we hypothesized that intrapulmonary
vascular volume separated into core and peel fractions
of the lung volume may differentially reflect pulmonary
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Patients who underwent both CTPA and RHC
from August 2013 to February 2016 (n=153)

Excluded (n=75)
¢ Interval between CTPA and RHC
greater than 7 days (n=26)
® Missing RHC measurements (n=2)
¢ Patients without pre- or
postcapillary PH (n=47)

A

Patients eligible for study (n=78)

Excluded:
> e Missing or incomplete CTPA
reconstructions (n=6)

A

Final study sample (n=72)

Figure 1 Flow diagram illustrating study inclusion. CTPA,
computed tomography pulmonary angiography; RHC, right heart
catheter; PH, pulmonary hypertension.

hemodynamics in PH. Therefore, we investigated
automated volumetry of intrapulmonary vasculature in core
and peel fractions of the lung volume for its potential for
non-invasive estimation of pulmonary hemodynamics in
patients diagnosed with PH according to the 2022 ESC/
ERS guidelines. We present this article in accordance with
the STROBE reporting checklist (available at https://cdt.
amegroups.com/article/view/10.21037/cdt-24-293/rc).

Methods
Patients

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by the ethics committee of the medical
faculty of Heidelberg University (No. S-592/2016) and
individual consent for this retrospective analysis was waived.
Records of all patients within a 30-month period from
August 2013 to February 2016 undergoing both RHC and
CTPA at Thoraxklinik at Heidelberg University Hospital
(Heidelberg, Germany) were reviewed. Patients with an
interval between CTPA and RHC of no more than 7 days
and with precapillary or postcapillary (isolated postcapillary
and combined pre- and postcapillary) PH, as defined by
the 2022 ESC/ERS guidelines, were included in the study.

© AME Publishing Company.
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Patients had to be excluded in case of missing RHC data
or missing slices from the reconstructed CTPA images in
the institutional PACS, prohibiting complete automated
segmentation of the lung vasculature. Detailed inclusion
and exclusion criteria are summarized in Figure 1. Patient
characteristics (sex, size, age) were extracted from the
records, body surface area (BSA) was calculated according
to the formula by Du Bois and Du Bois (24).

CTPA acquisition

CTPA was acquired using a 64-slice scanner (Somatom
Definition AS 64, Siemens Healthineers, Erlangen,
Germany). Patients were examined in supine position during
inspiratory breath-hold without electrocardiogram (ECG)
gating. Bolus tracking in the main pulmonary artery was
utilised to trigger injection of 50 mL of contrast medium
[Topromide (Ultravist 300, Bayer AG, Berlin, Germany)]
at a rate of 3-5 mL/s followed by a saline chaser bolus of
50 mL at an identical rate. A reference tube current of 100
mAs and a tube potential of 120 kV, were set for automated
tube voltage selection and tube current modulation.
Reconstruction of CTPA images was done using an 140f
kernel, sinogram-affirmed iterative reconstruction (SAFIRE,
Siemens Healthineers) with strength level 3, a slice
thickness of 1 mm, and slice increments of 0.7 mm.

Iimage analysis

Fully automatic image analysis was performed using the
software YACTA (“yet another CT analyser”; version
2.9.1.10) as employed in previous studies (25-28).
Automated segmentations were reviewed and validated
by a board-certified radiologist (C.M.) with 8 years of
experience in cardiovascular imaging. Airway segmentation
was performed with a self-adapting iterative region growing
algorithm. Central airways and lobar bronchi were labelled
by an anatomical knowledge-based algorithm. The lung
parenchyma segmentation delivers masks of the right and
left lung as well as for the lobes (Figure 2). Then an initial
vessel segmentation is performed by using a threshold-based
algorithm with an adjusted threshold for each computed
tomography (CT). Vessels that are not completely within
the lung segmentation on the transverse cross-sectional
images are excluded—this leads to the exclusion of the large
vessels in the hilar region, see arrows in Figure 2E. Three-
dimensionally (3D) connected vessel objects are generated
from the initial vessel segmentation, just vessel objects
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Figure 2 Illustration of core-peel division of the lung and vessel segmentation. Original transversal computed tomography slices from

the upper (A) middle (B) and lower (C) lung region. (D-F) Green contour indicates the lung border and bronchi are displayed in orange

(D,E). The different core-peel divisions are shown as blue gradations: dark blue 10% peel, to very light blue 100% peel. The segmented

3D connected vessels are displayed in red. In (D) the 50% core-peel division is shown, arrows in (E) point to the hilar lung region which is

handled as the root of the core lung region, note that large vessels are excluded.

larger than 100 mm’ are retained. The applied workflow
is shown in more detail in (25). For this project the lung
segmentation was divided in a core and peel region,
whereby the region, where the main bronchi and the large
vessels enter the lung parenchyma, was defined as the root
of the lung core (Figure 2E). The core-peel division of the
lungs was performed in 10% increments (Figure 2D-2F).
To achieve this, the lung border voxels were defined as
first peel layer. This layer was dilated until the desired
percentage for core-peel division was reached. Intrapulmonary
vessel volume was automatically calculated for the whole lung
and within varying peel fractions of the total lung volume.
Vessel volumes within lung core fractions were then calculated
by subtraction of the peel volumes from the total vessel volume
for every patient. Resulting vessel volumes were then corrected
for the respective patient’s BSA. For further analysis, total
intrapulmonary vessel volume and the 20%, 50% and 80%
core and peel lung volume fractions were selected.

© AME Publishing Company.

RHC

RHCs were performed according to guidelines by an
interventional cardiologist (E.G.) and an interventional
pulmonologist (B.E.), both with more than 9 years of
experience in RHC (1). In brief, a 7-French pulmonary
artery catheter was inserted via the right internal jugular
vein, and pulmonary arterial pressure measurements were
performed after zero levelling. The RHC measurements
mPAP, PVR, and PAWP were extracted from the electronic
medical record.

Definition of PH

Patients were classified in terms of presence or absence
of pre- or postcapillary PH based on RHC measurements
according to the updated hemodynamic definition included
in the 2022 ESC/ERS guidelines for the diagnosis and

Cuardiovasc Diagn Ther 2024;14(6):1083-1095 | https://dx.doi.org/10.21037/cdt-24-293



Cardiovascular Diagnosis and Therapy, Vol 14, No 6 December 2024

Table 1 Patient characteristics of the study sample

1087

Characteristics All patients (n=72) Postcapillary PH (n=24) Precapillary PH (n=48) P value
Age (years) 71.5(60.0-77.0) 75.0 (69.5-77.2) 68.0 (60.0-75.2) 0.03
Female 48 (66.67) 19 (79.17) 29 (60.42) 0.18
Height (m) 1.65+0.0717 1.63+0.0753 1.66+0.0687 0.13
Weight (kg) 74.38+16.46 77.97+15.62 72.58+16.72 0.18
BSA (m?) 1.81+0.197 1.83+0.188 1.80+0.202 0.47
CT-RHC interval (days) 1.0 (0.0-1.0) 1.0 (0.8-1.0) 1.0 (0.0-1.0) 0.99
Mean PAP (mmHg) 35.5 (27.0-47.2) 40.5 (31.0-48.0) 32.0 (27.0-45.2) 0.11
Systolic PAP (mmHg) 58.0 (42.0-73.0) 60.0 (46.8-76.0) 52.0 (41.0-72.0) 0.20
Diastolic PAP (mmHg) 23.5(18.0-29.2) 27.5 (22.2-31.0) 22.5(17.8-28.2) 0.06
PAWP (mmHg) 12.0 (9.0-18.2) 22.0 (18.8-26.0) 10.0 (7.0-12.0) <0.001
PVR (Wood units) 3.8 (2.6-7.6) 2.7 (2.3-4.7) 4.8 (3.1-8.5) 0.005
CO (L/min) 4.7 (3.9-5.8) 4.4 (4.0-5.3) 4.8 (3.9-5.8) 0.53

Values are presented as mean + SD, number of patients (percentage), or median (interquartile range), as appropriate according to Shapiro-
Wilk test of distribution. SD, standard deviation; BSA, body surface area; CO, cardiac output; CT, computed tomography; PAP, pulmonary
arterial pressure; PAWP, pulmonary arterial wedge pressure; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; RHC, right

heart catheterization.

treatment of PH (1). Per these guidelines, diagnosis of
postcapillary PH requires an elevated mPAP >20 mmHg
and an elevated PAWP >15 mmHg in combination with
a PVR of <2 Wood units (isolated postcapillary PH) or
>2 Wood units (combined pre- and postcapillary PH).
Precapillary PH is defined by an elevated mPAP greater
than 20 mmHg and a PVR >2 Wood units combined with
a normal PAWP <15 mmHg, according to the current
guidelines. Further classification into different PH groups
was based on the diagnosis in patients’ records.

Statistical analysis

Shapiro-Wilk test and Q-Q-plots were employed to test for
normal distribution. Normally distributed continuous data
were expressed as mean =+ standard deviation, non-normally
distributed data were expressed as median and interquartile
range (IQR) and categorical data were expressed as numbers
and percentages. Spearman’s correlation coefficients were
calculated between intrapulmonary vascular volumes and
RHC measurements and absolute values interpreted as
follows (29): <0.1-<0.2 very weak/negligible, >0.2—<0.4 weak,
>0.4-<0.7 moderate, >0.7-<0.9 strong, >0.9-1.0 very
strong. A bootstrapping method was used to calculate 95%

© AME Publishing Company.

confidence intervals (Cls) for the most significant correlations
using 1,000 iterations in each case. Multivariable linear
regression analyses were conducted to estimate the effect
of cardiac output (CO) and PH group and intrapulmonary
vascular volume and to assess the influence of potential
confounders on estimation of mPAP. P values <0.05 for
two-sided tests were considered statistically significant. All
statistical analyses were performed using R Version 4.0.2 (R
Foundation for Statistical Computing).

Results
Study cobort

The final study sample consisted of 72 patients (Figure 1,
Table 1). Median mPAP in the study sample was 35.5 mmHg
(IQR, 27.0-47.2 mmHg), with a minimum mPAP of 21 mmHg
and a maximum mPAP of 79 mmHg. Of all included
patients, 24/72 (33.3%) had postcapillary PH according to
the updated 2022 hemodynamic definition. Of these, 5/24
(20.8%) had isolated postcapillary PH and 19/24 (79.2%)
had combined pre- and postcapillary PH. Precapillary PH
was present in 48/72 patients (66.7%). Of these patients,
20/48 (41.7%) were classified as group 1 PH, 15/48 (31.3%)
as group 4 PH and 5/48 (10.4%) as group 3 PH according
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Table 2 Intrapulmonary vessel volumes within different core and peel fractions of the lung volume

Lung volume fraction All patients (mL/m?) Precapillary PH (mL/m?) Postcapillary PH (mL/m?) P value
Whole lung 74.1 (64.8-91.9) 75.0 (66.6-96.2) 69.6 (62.0-82.7) 0.19
Peel lung
80% peel lung 47.9 (39.3-58.5) 48.3 (40.5-62.3) 45.8 (35.9-53.0) 0.24
50% peel lung 14.4 (11.0-19.3) 14.5 (11.6-25.0) 12.6 (9.5-18.4) 0.23
20% peel lung 2.0 (1.2-3.3) 2.1(1.2-3.8) 1.9 (1.0-2.9) 0.38
Core lung
80% core lung 72.2 (62.8-90.0) 73.4 (63.7-91.4) 68.0 (60.6-79.6) 0.22
50% core lung 59.8 (50.5-72.8) 61.2 (560.2-73.7) 53.9 (50.7-64.7) 0.29
20% core lung 27.1 (23.8-32.5) 27.2 (24.4-33.1) 25.8 (21.7-29.7) 0.40

Median vessel volumes corrected for body surface area are given in mL/m? with interquartile range in parentheses. PH, pulmonary

hypertension.

to the patients’ records, whereas 4/48 patients (8.3%)
had been classified as group 2 PH according to previous
definitions, despite having a PAWP <15 mmHg at rest.
Finally, 4/48 patients (8.3%) had previously been classified
as borderline PH and were classified as having precapillary
PH according to the updated hemodynamic definition.

Intrapulmonary vessel volumes

Median total lung volume of the study cohort based on
automated lung segmentation was 4,792.1 mL (IQR,
4,079.8-5,786.4 mL). Median lung volumes did not
differ significantly between patients with postcapillary
(4,548.9 mL, IQR, 3,974.6-5,019.7 mL) and precapillary
PH (4,976.1 mL, IQR, 4,120.2-6,182.8 mL, P=0.07).
Median whole lung intrapulmonary vessel volumes were
74.1 mL/m’ (IQR, 64.8-91.9 mL/m’) in all included patients,
69.6 mL/m’ (IQR, 62.0-82.7 mL/m’) in patients with
postcapillary PH and 75.0 mL/m’ (IQR, 66.6-96.2 mL/m’,
P=0.19) in patients with precapillary PH (Table 2, Figures 3,4).

Correlation of intrapulmonary vessel volumes with
pulmonary bemodynamics in patients with postcapillary
PH

Correlation coefficients of intrapulmonary vascular volumes
and RHC measurements in patients with postcapillary PH
are summarised in Figure 3B and Table S1. A strong positive
correlation was found between 50% core vessel volume

and mPAP (r=0.71, 95% CI: 0.38, 0.90, P<0.001), which

© AME Publishing Company.

was also the strongest correlation observed overall between
intrapulmonary vessel volumes and RHC measurements.
Correlations with mPAP of 80% core lung vessel volume
(r=0.57,95% CI: 0.15, 0.86, P=0.003), 20% core lung vessel
volume (r=0.58, 95% CI: 0.16, 0.86, P=0.003) and total
intrapulmonary vessel volume (r=0.58, 95% CI: 0.14, 0.87,
P=0.003) were moderate.

Correlations between peel vessel volumes and mPAP
increased with increasing peel size from negligible (r=0.05,
P=0.82 for 20% peel lung volume) to moderate at 80% peel
lung volume (r=0.54, 95% CI: 0.09, 0.85, P=0.007).

Correlations with PAWP were weakly to moderately
positive with a maximum at 80% core lung volume (r=0.40,
95% CI: -0.05, 0.75, P=0.05).

Correlations with PVR were negligible to moderate with
a maximum at 50% core lung volume (r=0.45, 95% CI: 0.05,
0.74, P=0.03).

Correlations were also analysed in the subgroup of
patients with combined pre- and postcapillary PH and
correlations with mPAP were slightly stronger. Especially,
vessel volume in 50% core lung volume correlated even
more strongly with mPAP (r=0.76, 95% CI: 0.47, 0.94,
P<0.001). Correlations with PAWP were slightly weaker,
for example 80% core lung vessel volume (r=0.32, P=0.18).
Correlation with PVR was slightly stronger and showed
moderate correlation with core vessel volumes, for example
50% core lung volume (r=0.51, P=0.02).

Analyses were also conducted without prior correction
for each patient’s BSA; however, correlations were generally
weaker without BSA-correction. For example, correlation of
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Figure 3 Correlation of intrapulmonary vessel volume fractions with right heart catheter measurements in patients with postcapillary

pulmonary hypertension. Intrapulmonary vessel volumes corrected for body surface area (A) within varying core (A, left) and peel (A, right)

fractions of the lung volume in patients with postcapillary pulmonary hypertension are shown along with the corresponding Spearman’s
correlation coefficients (B) with RHC measurements mPAP, PAWP and PVR. RHC, right heart catheter; mPAP, mean pulmonary arterial
pressure; PAWP, pulmonary arterial wedge pressure; PVR, pulmonary vascular resistance.

vessel volume within 50% core lung volume without BSA-
correction with mPAP was r=0.56 (P=0.004).

Influence of possible confounders on non-invasive
estimation of mPAP in patients with postcapillary PH was
analysed by means of multivariable linear regression analysis
(1able 3). Age and sex in addition to 50% core lung vessel
volume were included in the analysis. However, age and sex
did not significantly contribute to the resulting regression
models and inclusion of either or both of the additional
parameters did not result in improved adjusted 1’ of the
model.

© AME Publishing Company.

Correlation of intrapulmonary vessel volumes with
pulmonary bemodynamics in patients with precapillary
PH

In patients with precapillary PH, only negligible or weak
correlations were found with mPAP (80% peel lung r=-0.13,
P=0.37), PAWP (20% peel lung r=-0.24, P=0.10) and PVR
(50% core lung r=-0.09, P=0.53, Figure 4B, Table S1).
Correlation coefficients for all included patients in the
study cohort were negligible or weak for mPAP, (20%
core lung r=0.14, P=0.23), PAWP (20% peel lung r=-0.20
P=0.10) and PVR (20% core lung r=0.15, P=0.22, Table S1).
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Figure 4 Correlation of intrapulmonary vessel volume fractions with right heart catheter measurements in patients with precapillary

pulmonary hypertension. Intrapulmonary vessel volumes corrected for body surface area (A) within varying core (A, left) and peel (A, right)

fractions of the lung volume in patients with precapillary pulmonary hypertension are shown along with the corresponding Spearman’s

correlation coefficients (B) with RHC measurements mPAP, PAWP and PVR. RHC, right heart catheter; mPAP, mean pulmonary arterial

pressure; PAWP, pulmonary arterial wedge pressure; PVR, pulmonary vascular resistance.

Influence of CO and PH group on intrapulmonary core
vessel volume

A linear regression analysis was conducted to assess the
potential influence of CO or PH group besides mPAP
on measured intrapulmonary vessel volume within 50%
core lung volume. Only patients with PH groups 1, 2 or
4 were included due to the small number of only 5 patients
with PH group 3. Neither PH group nor CO significantly
contributed to the explanation of intrapulmonary vascular
volume or improved model fit (Table S2). mPAP was the
only significant predictor of intrapulmonary vessel volume
of the chosen variables.

© AME Publishing Company.

Discussion
Key findings

We conducted a systematic analysis of automated volumetry
of intrapulmonary vasculature within varying core and
peel fractions of the lung volume in patients with post-
and precapillary PH, according to the updated 2022 ESC/
ERS guidelines on PH (1). In patients with postcapillary
PH, strong correlations of vessel volumes in the core
lung with mPAP and weak to moderate correlations with
PAWP and PVR were observed. The strongest correlation
was observed between the intrapulmonary vessel volume
within 50% core lung volume and mPAP with a correlation
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Table 3 Multivariable linear regression analysis of BSA-corrected intrapulmonary vascular volume within 50% lung core volume and age and sex

as potential confounders for the prediction of mPAP in patients with postcapillary PH

Models Variables Estimate Standard error Standardized beta coefficient P value Adjusted r*
Model 1 Intercept -0.768 18.131 - 0.97 0.424
50% core lung vessel volume 0.510 0.1152 0.748 <0.001
Age 0.100 0.195 0.083 0.61
Sex 4.460 4.730 0.159 0.36
Model 2 Intercept 7.385 8.684 - 0.40 0.444
50% core lung vessel volume 0.500 0.112 0.733 <0.001
Age - - - -
Sex 4.073 4.588 0.145 0.38
Model 3 Intercept 6.983 16.117 - 0.67 0.423
50% core lung vessel volume 0.475 0.109 0.696 <0.001
Age 0.071 0.192 0.059 0.71
Sex - - - -
Model 4 Intercept 12.426 6.539 - 0.07 0.449
50% core lung vessel volume 0.469 0.106 - <0.001
Age - - - -
Sex - - - -

Model 1: full model including 50% core lung vessel volume as well as age and sex as potential confounders for the prediction of mPAP.
Model 2: only sex is included as a potential confounder. Model 3: only age is included as a potential confounder. Model 4: univariate
regression analysis of 50% core lung vessel volume for the prediction of mPAP. BSA, body surface area; mPAP, mean pulmonary arterial

pressure; PH, pulmonary hypertension.

coefficient of 0.71. Age and sex did not significantly affect
this correlation.

Strengths and limitations

A strength of this study is the systematic analysis of
intrapulmonary vessel volumes in concentric core and peel
fractions of the lung volume, which, to our knowledge, has
not been previously published. Furthermore, we conducted
the analysis in a group of patients with PH status defined
according to the most recent hemodynamic definition and
correlated derived vessel volumes with RHC measurements,
which is the gold-standard for the assessment of pulmonary
hemodynamics. However, several limitations of this study
have to be considered. We conducted a retrospective
analysis in a small number of patients at a single PH centre,
therefore validation of the findings in a larger, prospective
study is desirable. Furthermore, our methodology is limited

© AME Publishing Company.

to the analysis of combined arterial and venous vessel

volumes.

Comparison with similar researches

Previous studies on changes in the intrapulmonary
vasculature in patients with PH have focused on CT
correlates of “vascular pruning” as observed on angiography
or radiography and correspondingly loss of small vessels
with <5 mm® cross-sectional area (17,20,21,30). A study
by Matsuoka and colleagues also investigated larger
intrapulmonary vessels with 5-10 mm’ cross-sectional
area in patients with severe emphysema but did not find a
significant correlation between their total cross-sectional
area and mPAP (30). A recent study by Shahin ez 4/. also
investigated CTPA-based volume of vessels up to 2 mm in
diameter and total volume of pulmonary arteries and veins
within peels of 15, 30, and 45 mm from the lung surface
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in a large cohort of patients with different subtypes of PH
and patient controls (23). They reported weak negative
correlations between small vessel volume and PAWP with
correlation coefficients of r=-0.10 to -0.19 but no evidence
of correlation between small vessel volume and mPAP (23).
This is similar to our findings in patients with precapillary
PH, in which we found weak, non-significant negative
correlation of -0.26 between PAWP and 10% peel lung
vessel volume and negligible correlation of intrapulmonary
vessel volumes with mPAP.

Explanations of findings

Postcapillary PH, both isolated as well as combined pre-
and postcapillary PH, is mainly the result of left heart
disease (PH group 2) and represents the most common
form of PH overall (1). In addition to increases in diameter
or volume of the main pulmonary arteries, as demonstrated
for PH in general (7-12), an enlargement of the left atrium
has been identified as a distinctive feature of patients with
postcapillary PH on cross-sectional imaging (13,16,31,32).
Enlargement of central intrapulmonary veins in the upper
lobes on upright anteroposterior chest radiographs is a well-
known, semi-quantitative measure of pulmonary congestion
(33-35). On supine cross-sectional imaging, enlargement
and increased tortuosity of central pulmonary veins have
also been acknowledged as potential qualitative findings of
postcapillary PH on CT (36). However, there is a lack of
quantitative measurements concerning the intrapulmonary
vasculature in patients with postcapillary PH. A recent
study of 232 patients investigated several qualitative
imaging features of acute heart failure on unenhanced CT
scans of the chest and found increased vessel diameters to
be a significant imaging biomarker of acute heart failure
with an odds ratio of 4.49 (37). Furthermore, the four
central pulmonary veins are known to be dilated in patients
with atrial fibrillation and this has been shown to be
reversible after catheter ablation (38-40). The association
between intrapulmonary vessel volume in the core lung
and mPAP in patients with postcapillary PH observed in
our study may, therefore, be expected and likely reflects a
combined dilation of pulmonary veins and arteries in the
core lung in these patients. This may be supported by the
finding of an even stronger in the subgroup of patients
with combined pre- and postcapillary PH. On the other
hand, correlations with PAWP in postcapillary PH patients
were only moderate, even in the core lung, although this
parameter differentially defines postcapillary PH. We

© AME Publishing Company.
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again believe this may potentially be explained by the lack
of differentiation between arterial and venous vessels with
our method and such variations may be obscured by overall
variability in pulmonary vessel volume. Furthermore,
pulmonary venous vessel volume may also be more prone
to short term variations in pulmonary venous pressure, that
may have occurred during the interval between RHC and
CT examination.

Implications and actions needed

The presented technique has potential to aid in non-
invasive estimation of pulmonary hemodynamics in patients
with postcapillary PH who undergo CTPA and may thereby
assist decision-making for invasive RHC assessment and
treatment. However, the findings require validation in
larger, prospective studies. Also, further exploration of the
technique as a non-invasive treatment monitoring tool in
serial examinations is desirable.

Conclusions

Automated segmentation of intrapulmonary vasculature on
CTPA revealed strong correlations between intrapulmonary
vessel volumes in the core lung and invasively measured
mPAP in patients with postcapillary PH according to the
updated 2022 ESC/ERS guidelines on PH. We identified
50% core lung volume as the lung fraction with the
strongest correlation between vessel volume and mPAP. If
confirmed in future studies, the technique might improve
non-invasive estimation of pulmonary hemodynamics in
patients with postcapillary PH undergoing CTPA, and may
have further potential for therapeutic monitoring.
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