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Abstract

Objectives To assess the diagnostic accuracy of automated 3D volumetry of central pulmonary arteries using computed tomog-

raphy pulmonary angiography (CTPA) for suspected pulmonary hypertension alone and in combination with echocardiography.

Methods This retrospective diagnostic accuracy study included 70 patients (mean age 66.7, 48 female) assessed for pulmonary

hypertension by CTPA and transthoracic echocardiography with estimation of the pulmonary arterial systolic pressure (PASP).

Gold standard right heart catheterisation with measurement of the invasive mean pulmonary arterial pressure (invasive mPAP)

served as the reference. Volumes of the main, right and left pulmonary arteries (MPA, RPA and LPA) were computed using

automated 3D segmentation. For comparison, axial dimensions were manually measured. A linear regression model was
established for prediction of mPAP (predicted mPAP).

Results MPA, RPA and LPA volumes were significantly increased in patients with vs. without pulmonary hypertension (all p < 0.001).

Of all measures, MPA volume demonstrated the strongest correlation with invasive mPAP (= 0.76, p < 0.001). Predicted mPAP using

MPA volume and echocardiographic PASP as covariates showed excellent correlation with invasive mPAP (»=0.89, p <0.001). Area

under the curves for predicting pulmonary hypertension were 0.94 for predicted mPAP, compared to 0.90 for MPA volume and 0.92 for

echocardiographic PASP alone. A predicted mPAP >25.8 mmHg identified pulmonary hypertension with sensitivity, specificity,
positive and negative predictive values of 86%, 93%, 95% and 81%, respectively.

Conclusions Automated 3D volumetry of central pulmonary arteries based on CTPA may be used in conjunction with echocar-

diographic pressure estimates to noninvasively predict mPAP and pulmonary hypertension as confirmed by gold standard right

heart catheterisation with higher diagnostic accuracy than either test alone.

Key Points

* This diagnostic accuracy study derived a regression model for noninvasive prediction of invasively measured mean pulmonary
arterial pressure as assessed by gold standard right heart catheterisation.

* This regression model using automated 3D volumetry of the central pulmonary arteries based on CT pulmonary angiography in
conjunction with the echocardiographic pressure estimate predicted pulmonary arterial pressure and the presence of pulmo-
nary hypertension with good diagnostic accuracy.

» The combination of automated 3D volumetry and echocardiographic pressure estimate in the regression model provided
superior diagnostic accuracy compared to each parameter alone.
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Abbreviations

CT Computed tomography

CTPA Computed tomography pulmonary
angiography

LPA Left pulmonary artery

MPA Main pulmonary artery

mPAP Mean pulmonary arterial pressure

mPAP,cqicea  MPAP predicted by linear regression

mPAPRrpc mPAP measured by right heart catheterisation

MRI Magnetic resonance imaging

PASP Transthoracic echocardiographic pulmonary
arterial systolic pressure estimate

PH Pulmonary hypertension

RHC Right heart catheterisation

RPA Right pulmonary artery

Introduction

Pulmonary hypertension (PH) is a chronic condition defined
by an elevation of the mean pulmonary arterial pressure
(mPAP) >25 mmHg at rest measured by right heart catheter-
isation (RHC) [1]. PH can occur primarily or as a consequence
of a variety of diseases including left heart disease, lung dis-
ease and chronic thromboembolic disease [2]. If left untreated,
PH carries a poor prognosis with persistent elevation of pul-
monary arterial pressure leading to irreversible remodelling of
the pulmonary vasculature and eventually right heart failure
[3, 4]. Thus, early diagnosis and therapeutic intervention are
crucial to improve outcome. However, clinical symptoms of
PH like dyspnoea, fatigue and palpitations are non-specific
and often do not immediately suggest the diagnosis of PH
[1]. Furthermore, RHC as an invasive procedure is ultimately
required to establish the diagnosis, but might be delayed due
to its potential complications [5].

Functional imaging like echocardiography and magnetic
resonance imaging (MRI) has been investigated for noninva-
sive diagnosis of PH [6-9]. The drawbacks of echocardio-
graphic measurements of pulmonary arterial systolic pressure
(PASP) are its high variability and observer-dependence, and
MRI is limited by its low availability and high cost [10].
Computed tomography (CT), on the other hand, is frequently
clinically indicated and performed in patients with suspected
PH to rule out other causes for the presenting symptoms such
as pulmonary embolism or parenchymal lung disease. Thus, it
appears a promising approach to use these routinely acquired
CT data for the detection of PH.

Although increased diameters of the central pulmonary ar-
teries have been repeatedly shown to indicate PH and can be
reliably identified by CT, literature suggests variable diagnos-
tic accuracy for the detection of PH with particular limitations
regarding the sensitivity and negative predictive value
[11-16]. Subsequent studies presented analyses of 3D
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pulmonary artery geometry and indicated better agreement
with PH compared with pulmonary artery diameters
[17-21]. However, these studies were limited by their study
design as case-control studies and further relevant methodo-
logical shortcomings, especially selection bias with cases be-
ing limited to a single subgroup of PH and controls being
healthy subjects or subjects without suspicion of PH, or the
lack of gold standard RHC. Thus, diagnostic accuracy of 3D
pulmonary artery dimensional measures in a consecutive pa-
tient cohort with suspected PH against the gold standard RHC
has not been performed yet to our knowledge.

The purpose of this study was to assess diagnostic accuracy
of automated 3D volumetry of the central pulmonary arteries
based on CT pulmonary angiography (CTPA) against RHC as
the gold standard in patients with suspected PH and to estab-
lish whether a combination of this technique and echocardio-
graphic measurements yields higher diagnostic accuracy than
either test alone.

Materials and methods
Patients

This retrospective study was approved by the institutional
review board. Informed consent requirement was waived be-
cause of its retrospective nature. Records of all patients under-
going RHC, CTPA and transthoracic echocardiography for the
initial diagnostic workup of suspected pulmonary hyperten-
sion in our institution between August 2013 and June 2015
were retrospectively reviewed (n=94). Exclusion criteria
were signs of chronic thromboembolic disease on CTPA
(n=13), an interval between CTPA and RHC of more than
30 days (n =3), non-diagnostic CTPA (n = 3), missing RHC
measurements (n = 1) or missing echocardiographic PASP
measurements (n =4) resulting in a final study population of
n="70 (Table 1). Signs of chronic thromboembolic disease on
CTPA was chosen as an exclusion criterion because
intraluminal thrombi can be expected to decrease the
contrast-enhanced vessel lumen thereby resulting in falsely
low vessel volume measurements. Patient characteristics (gen-
der, height, weight, age) were extracted from the records;
body surface area was calculated according to the formula
by Du Bois and Du Bois [22].

CTPA acquisition

All CTPA data were acquired as part of the diagnostic workup
of suspected PH using a clinical CT scanner (Somatom
Definition AS64, Siemens Healthineers). All CTPA scans
were performed in a supine position in inspiratory breath-
hold. Scanning parameters were as follows: automated tube
voltage selection and tube current modulation (CareDose 4D,
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Table 1 Clinical characteristics of the study population

No PH PH p value
Number of subjects 27 43 -
Female 22 (81.5%) 26 (60.5%) 0.07
Age (years) 59.2+14.7 71.4+8.0 <0.001
Body surface area (m) 1.82+0.21 1.85+0.23 0.62
mPAPRryc (mmHg) 16.7+3.6 37.8+10.9 <0.001
Systolic PAPryc (mmHg) 26.0+£5.7 60.8+£20.6 <0.001
Diastolic PAPryc (mmHg) 10.7+£2.9 247+7.1 <0.001
PAWPRyc (mmHg) 89+34 14.6+7.7 <0.001
PVRgyc (dyn x s x cm ™) 125.9+45.6 418.7+265.5 <0.001
PASP (mmHg) 303+6.5 56.6+19.8 <0.001
WHO classification
Group 1 — 18 (42%) -
Group 2 - 16 (37%) -
Group 3 — 9 (21%) -
Group 5 - 0 -

Data is given as mean + SD, % or n, respectively. PH, pulmonary hyper-
tension; RHC, right heart catheterisation; mPAPgyc, mean pulmonary
arterial pressure; systolic PAPgyc, systolic pulmonary arterial pressure;
diastolic PAPgyc, diastolic pulmonary arterial pressure; PAWPgzc, pul-
monary arterial wedge pressure; PVRgyc, pulmonary vascular resistance;
PASP, transthoracic echocardiographic pulmonary arterial systolic pres-
sure estimate. Groups were compared using two-sided Student’s 7 test or
Pearson’s chi-squared test as appropriate

Siemens Healthineers), bolus tracking in the main pulmonary
artery, 50 ml of iodinated contrast agent (Ultravist 300, Bayer
HealthCare) followed by a saline bolus of 50 ml, iterative
reconstruction kernel I40f level 3 and reconstructed slice
thickness of 1 mm with 0.7 mm increment.

Echocardiography

Transthoracic echocardiography was performed using a mod-
ern echocardiography system (Vivid E95, GE Healthcare).
Echocardiographic PASP estimates were obtained applying
the standard protocol used internationally across centres [23,
24]. In short, the pressure gradient between the right atrium
and right ventricle is estimated by measuring the velocity of a
tricuspid regurgitation jet using the modified Bernoulli equa-
tion. Diameter and collapsibility of the inferior vena cava
serve as estimators for the right atrial pressure. Summation
of'the estimated pressure gradient and the estimated right atrial
pressure results in the echocardiographic PASP estimate.

Right heart catheterisation

RHC was performed according to standard procedures [1] by
two interventional pneumologists each with more than 5 years
of experience in RHC. In short, an 8 French introducer sheath
was placed in the right internal jugular vein under ultrasound
guidance after local anaesthetics. A 7 French pulmonary artery
catheter (Swan-Ganz thermodilution catheter 7F 110 cm,
Edwards Lifesciences) was placed into the main pulmonary
artery for the measurement of mean pulmonary arterial

pressure by RHC (mPAPryc). Zero levelling of the pressure
transducer was done at the mid-thoracic line according to in-
ternational guidelines [1]. Pulmonary arterial pressure was
recorded in the main pulmonary artery above the pulmonary
valve. Measurements were recorded and assessed using Mac-
Lab and CardioSoft (both GE Healthcare). The interventional
pneumologists had access to the clinical information and to
the results of the echocardiography, but not to the results of the
3D segmentation of CTPA data as described below.

Image analysis

After anonymisation of all CT data sets, analysis was per-
formed in random order and blinded to any clinical data in-
cluding RHC measurements. Automated 3D segmentation
was performed using an in-house developed model-based seg-
mentation software. The respective algorithms have been pre-
viously published and validated in detail [25-27]. Inter- and
intraobserver agreements of the algorithm were assessed in a
previous study with excellent intraclass correlation coeffi-
cients of 0.995-0.999 for the main, right and left pulmonary
arteries [17]. In short, after manual placement of seeding
points, the software fits a three-dimensional analytical inten-
sity model to the voxel intensity values within a region of
interest thereby creating a three-dimensional model of the re-
spective vessel. The model fit is then further improved by
applying an automatic two-step refinement procedure. The
segmentation process is completed within seconds.

Automated segmentation was performed for main (MPA),
right (RPA) and left (LPA) pulmonary arteries in a standardised
manner. First, seeding points were placed in each of the pulmo-
nary arteries to start the segmentation process. The reader then
verified the segmentation process and manually defined each
vessel segment by marking the level of the pulmonary valve,
the main pulmonary artery bifurcation as well as the branch-off
point of right and left upper lobe pulmonary arteries (Fig. 1). The
software then calculated vessel volume and vessel length of each
pulmonary artery. The volume of each pulmonary artery (MPA,
RPA and LPA) was then indexed for its respective vessel length
and corrected for the subject’s body surface area: MPA volume,
RPA volume and LPA volume.

For comparison with current clinical routine, axial diame-
ters of MPA, RPA, LPA and ascending aorta were manually
measured at standardised locations as described previously
[17]: MPA and ascending aortic diameters were obtained at
the level of the RPA as described in the Framingham Heart
Study [28]. RPA and LPA diameter were each measured
1.5 cm distally to the MPA bifurcation. The ratio of the
MPA diameter to the ascending aorta diameter was calculated.
All axial measurements were performed in a randomised order
and blinded to the diagnosis and the results of the 3D segmen-
tation. All image analyses were performed by a radiologist
with 4 years of experience in cardiovascular imaging.
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Vessel volume

Vessel length

Fig. 1 The segmentation process. The volumes of the main, right and left
pulmonary arteries (MPA, RPA and LPA, respectively) are defined by the
levels of the pulmonary valve, the MPA bifurcation and the branch-off
point of the respective upper lobe artery

Statistical analysis

Data for statistical analysis was complete with the exception
of RPA volume of 1 patient (1.4% of patients) and LPA vol-
umes of 3 patients (4.3% of patients) because segmentation
was technically not successful in these cases. Little’s test was
used to verify missingness completely at random (p > 0.05).
Expectation maximisation method was then used to impute
the missing values for RPA volume and LPA volume.
Expectation maximisation imputation was performed based
on all complete volume measurements before correction for
BSA. Normal distribution of measurements was tested and
confirmed using the Kolmogorov-Smirnov test. Correlation
between pulmonary artery volumes, axial dimensions and
mPAPryc was analysed using Pearson’s correlation.
Comparison between patients with PH and patients without
PH was performed by two-sided Student’s ¢ tests. Gender
distribution was compared using Pearson’s chi-squared test.
A forward stepwise multivariate linear regression analysis was
performed to derive a numerical model for noninvasive mPAP
prediction (MPAP,cgicteq) Using axial dimensions, pulmonary
artery volumetry and echocardiographic PASP as covariates
with a required variable significance of 0.05 to be included
into the model, and a cut-off value of 0.1 for exclusion.
Receiver operating characteristic (ROC) analyses were per-
formed and areas under the curve were calculated to assess
the diagnostic performance to detect PH by means of axial
dimensions, pulmonary artery volumetry and echocardio-
graphic PASP as well as the linear regression model for
mMPAP,,cgicted integrating these variables as covariates.
Sensitivities, specificities as well as positive and negative pre-
dictive values were calculated. p values <0.05 were consid-
ered statistically significant. All statistical analyses were per-
formed using SPSS Version 24.0 (SPSS Inc.).
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The sample size was estimated based on the dedicated soft-
ware Power Analysis and Sample Size applying the procedure
Tests for One-Sample Sensitivity and Specificity which uses the
methodology by Li and Fine (PASS 11, NCSS, LLC) [29, 30].
Calculation was made using the following prerequisites and as-
sumptions: alpha level 0.05, power 0.8, prevalence of disease
among the study population 50%, null hypothesis sensitivity
and specificity 70% and alternative hypothesis sensitivity and
specificity 90%. The calculated sample size was 62 patients in-
cluding a minimum of 31 patients with pulmonary hypertension.

Results
Study cohort

Mean age of the study cohort was 66.7 + 12.5 years, age range
19-84 years. 48 (68.6%) of the 70 included patients were
female. Forty-three patients (61%) were diagnosed with PH
on RHC (mPAPryc>25 mmHg), 27 patients (39%) had nor-
mal pulmonary arterial pressures on RHC. Further patient
characteristics are summarised in Table 1.

Axial dimensions

Mean axial diameters of MPA, RPA and LPA in millimetres were
33.1£5.1, 28.5+5.0 and 27.1 £4.6 in patients with PH com-
pared to 24.6 £4.1, 21.3+4.8 and 21.6 + 5.2 in patients without
PH (all p<0.001). MPA to ascending aorta diameter ratio was
0.92£0.14 in patients with PH compared to 0.73 £0.09 in pa-
tients without PH (p <0.001). Correlation of axial dimensions
with mPAPRryc was good for MPA with a correlation coefficient
of r=0.68 or *=0.46 (p<0.001) and for MPA to ascending
aorta diameter ratio with 7= 0.68 or *=0.46 (p<0.001), and
moderate for RPA with » =0.53 or #* =0.28 (p <0.001) and for
LPA with 7 =0.47 or * =0.22 (p < 0.001).

Pulmonary artery volumes

Segmentation was successful in 98.1% of cases (Fig. 2). RPA
in 1 patient (1.4% of patients) and LPA in 3 patients (4.3% of
patients) could not be successfully segmented. All these cases
were due to imaging artefacts (motion and beam hardening
artefacts due to influx of contrast media via the superior vena
cava) which misled automated segmentation to include out-of-
vessel structures. Mean MPA volume, RPA volume and LPA
volume in pl/(mm % mz) were 490.5+121.2, 343.6+107.6
and 308.0+£78.2 in patients with PH compared to 287.7

90.3, 193.6£77.6 and 216.7£92.2 in patients without PH
(all p<0.001, Fig. 3). There was no significant difference
between female and male patients in MPA volume (404.8 +

153.2 vs. 428.4+137.8, p>0.52), RPA volume (276.5 +
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Fig. 2 Representative examples
of automated 3D segmentation
results of the central pulmonary
arteries in a patient without
pulmonary hypertension (left) and
in a patient with severe
pulmonary hypertension (right).
Colour-coding visualises vessel
size. Axial slices of the same
patients are shown in the lower
row

No pulmonary hypertension Pulmonary hypertension
MPAPg,c: 18 mmHg MPAPR,c: 56 mmHg

124.3 vs. 306.0 + 114.9, p > 0.34) and LPA volume (264.8 = (p<0.001, Fig. 4). RPA volume and LPA volume demonstrat-
100.6 vs. 290.1 +78.9, p > 0.26).

MPA volume showed a strong correlation with mPAPryc  avoid multicollinearity, regression analyses were therefore
with a correlation coefficient of »=0.73 or ¥*=0.53  based on MPA volume.

ed moderate to good correlation with mPAPryc (Fig. 4). To

p<0.001
600 600 - 600 -
500 500 ] p<0.001 500
= - = p<0.001
£ T T
’E‘ 400 - ; 400 - = 400 1
E
£ ] £ : |
3 = =
- 300 = 300 2 300 -
< 3 3
% il ¢
200 - 200 l 200 l
100 - 100 - 100 -
0 T 0 T ] 0 T
No pulmonary Pulmonary No pulmonary Pulmonary No pulmonary Pulmonary
hypertension hypertension hypertension hypertension hypertension hypertension

Fig. 3 Bar charts of CTPA-derived vessel volumes of the main, right and according to the gold standard right heart catheterisation illustrating
left pulmonary arteries (MPA volume, RPA volume and LPA volume, significant enlarged pulmonary artery volumes in patients with
respectively) for patients without and with pulmonary hypertension pulmonary hypertension as analysed by two-sided Student’s ¢ tests
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Fig. 4 Scatter plots for CTPA-derived volumes of the main, right and left
pulmonary arteries (MPA volume, RPA volume and LPA volume,
respectively) and mPAPgyc illustrating a significant correlation

Noninvasive estimation of pulmonary hypertension

The stepwise multivariate linear regression showed the best
diagnostic accuracy when including MPA volume assessed by
CTPA and echocardiographic PASP as covariates and exclud-
ing axial diameter of MPA. The following model for nonin-
vasive prediction of mPAPryc was determined:
MPAP . dicted = 0.029 X MPA volume +0.438 x echocardio-
graphic PASP — 2.635 (r=0.89/* = 0.80, p <0.001, Fig. 5).
Standardised beta-coefficients for MPA volume and echocar-
diographic PASP were 0.32 and 0.66, respectively.
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Fig.5 Scatter plot for noninvasive mPAP.giceq and invasive mPAPgyc.
MPAP . giciea Was calculated after establishing a linear regression model
with CTPA-derived MPA volume and echocardiographic PASP as
covariates. Dashed line indicates linear regression fit
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between noninvasively measured volumes and invasively measured
mPAPRryc as assessed by Pearson’s correlation. Dashed lines indicate
linear regression fit

ROC analysis demonstrated areas under the curve of 0.94
for mPAPredictea (95% CI10.89-0.99, p < 0.001) compared to
0.86 for axial diameter of MPA (95% CI 0.77-0.96,
p<0.001), 0.90 for MPA volume alone (95% CI 0.83-0.98,
»<0.001) and 0.92 for echocardiographic PASP alone (95%
CI 0.86-0.98, p<0.001) (Fig. 6). Applying the same cut-off
value of >25 mmHg as in gold standard RHC, sensitivity,
specificity, positive and negative predictive values of
MPAP,cgicted for predicting the presence of PH were 86%
(95% CI1 72.1-94.7%), 85% (95% CI 66.3-95.8%), 90%
(95% CI 78.8-95.8%) and 79% (95% CI 64.2-89.1%), re-
spectively, with a Youden index of 0.71. Using a cut-off value
of>25.8 mmHg resulted in the maximum diagnostic accuracy
with a Youden index of 0.79 and sensitivity, specificity, pos-
itive and negative predictive values of 86% (95% CI 72.1—
94.7%), 93% (95% CI 75.7-99.1%), 95% (95% CI 82.9—
98.6%) and 81% (95% CI 66.3—-89.8%), respectively
(Table 2). For comparison, axial diameter of MPA had lower
diagnostic accuracy with sensitivity, specificity, positive and
negative predictive values of 79% (95% CI 64.0-90.0%),
89% (95% CI1 70.8-97.7%), 92% (95% CI 79.4-97.1%) and
73% (95% CI 59.5-82.9%), respectively, using a cut-off value
of >29 mm. For MPA volume alone, sensitivity, specificity,
positive and negative predictive values were 88% (95% CI
74.9-96.1%), 85% (95% CI 66.3-95.8%), 91% (95% CI
79.3-95.9%) and 82% (95% CI 66.5-91.4%), respectively.

Discussion

This study derived a regression model for noninvasive predic-
tion of mPAPRyc and the presence of PH using automated 3D
volumetry of the central pulmonary arteries based on CTPA
and echocardiographic PASP measurements. The regression
model was compared against gold standard RHC and showed
good diagnostic accuracy. The combination of MPA volume
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Fig. 6 Receiver operating
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and echocardiographic PASP in the regression model provid-
ed superior diagnostic accuracy compared to each parameter
alone. Automated 3D volumetry also demonstrated signifi-
cantly enlarged volumes of the main, right and left pulmonary
arteries in patients with PH compared with patients without
PH. The technique of 3D volumetry provided robust quanti-
tative results in the great majority of cases.

Table 2  Diagnostic accuracy of noninvasive prediction of invasively
measured mPAP
IHPAPRHC Sum
<25 mmHg  >25 mmHg
mPAP, cgiciea™ <25.8 mmHg 25 6 31
MPAP,cdiciea™ >25.8 mmHg 2 37 39
Sum 27 43 70

*mPAPgyc, mean pulmonary arterial pressure; RHC, right heart catheter-
isation. Indicates that the cut-off value is based on the maximum Youden
index

Noninvasive prediction of PH based on CTPA appears to
be a promising approach for translation into clinical routine.
CTPA is performed in many of the patients with suspected PH
either as part of the diagnostic workup for the presenting
symptoms even before PH is suspected or as part of the diag-
nostic algorithm for suspected PH. Previous studies about
CTPA in PH focused on measurements of pulmonary artery
diameters and pulmonary artery to aorta diameter ratio [11,
14-16, 31, 32]. These studies yielded variable results regard-
ing diagnostic accuracy for the detection of PH with particular
limitations regarding the sensitivity and negative predictive
value. In our study, MPA axial diameter showed good corre-
lation with mPAPRryc with a correlation coefficient of 7= 0.68
and an area under the curve of 0.86 for the detection of PH.
Nonetheless, MPA volume was superior with a stronger cor-
relation coefficient of »=0.73 with mPAPryc and an area
under the curve of 0.90.

This advantage of 3D volumetry over diameter measure-
ments is well in accordance with previous studies [17-19].
One case-control study with 41 participants based on MRI
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demonstrated improved identification of patients with known
pulmonary arterial hypertension, i.e. group 1 PH according to
the World Health Organisation classification, by 3D volume
measurements compared to diameter measurements of the
central pulmonary arteries, but did not evaluate diagnostic
accuracy against the gold standard RHC [17]. Another case-
control study with 16 participants with chronic sleep apnoea
syndrome reported high correlation between intrapulmonary
vessel volume and mPAP measured by RHC, but was limited
by study design and lacked comparison with diameter mea-
surements [18]. The potential of 3D volumetry has also been
described for other vascular systems, for example in the set-
ting of abdominal aortic aneurysms [33, 34]. This advantage
of 3D volumetry may be due to the more accurate detection of
morphologic changes in all three dimensions and the higher
reliability of a three-dimensional measurement as opposed to a
one-dimensional-diameter measurement [17].

Our study showed an improvement of diagnostic accuracy for
detecting PH when combining CTPA-derived pulmonary artery
volumes with echocardiographic pressure estimates with a signif-
icant contribution of both individual measures. This is consistent
with previous studies showing higher diagnostic accuracy when
combining pulmonary artery diameter measurements with echo-
cardiographic pressure estimates [35, 36]. The individual, incre-
mental value of these measurements can be explained by the com-
plementary nature of morphological parameters like 3D volumes
and functional parameters like echocardiographic PASP estimates.
Since echocardiography is also routinely performed for the inves-
tigation of PH, echocardiographic PASP values are available for
practically all patients with suspected PH. Although echocardiog-
raphy alone is used for noninvasive prediction of pulmonary arte-
rial pressures in current clinical practice, the inherent limitations of
echocardiography like the required degree of expertise and depen-
dency on adequate imaging conditions lead to substantial variabil-
ity of measurements [10]. The areas under the curve of 0.92 of
echocardiographic PASP for diagnosing PH in our study is com-
parably high and within the upper range reported in the literature,
but is found to be lower in most studies [8].

First of all, we believe that even a relatively small improve-
ment of a noninvasive diagnostic test as demonstrated in this
study is particularly clinically relevant when an invasive diag-
nostic test, i.e. RHC, could potentially be avoided. Certainly,
this has to be investigated in future prospective studies.
Second, we believe that investigation of 3D volumetry tech-
niques is important from a scientific point of view even at this
early stage of clinical research both for advancing knowledge
and prompting further research irrespective of its current clin-
ical relevance. Principally, the 3D volumetry technique could
be well integrated into the clinical workflow. We used an in-
house-developed solution, but commercially available pro-
cessing tools for centreline analysis provide similar function-
alities with equal fast segmentation, excellent repeatability
and minimal user interaction [37, 38].
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This study is subject to some limitations. First, the ret-
rospective study design may have introduced a selection
bias. Nevertheless, the patient cohort of our study closely
resembles the patient population that might benefit most of
the investigated 3D volumetry technique, namely patients
with suspected PH of any cause. Second, it may be
criticised that patients with chronic thromboembolic PH
were secondarily excluded. This exclusion criterion was
defined because intraluminal thrombi can be expected to
decrease the contrast-enhanced vessel lumen and thus re-
sult in falsely low vessel volume quantification. Since the
present study revealed MPA volume as the measure with
the strongest correlation with mPAPRryc and chronic
thromboemboli very rarely affect the MPA itself, future
studies should include patients with chronic thromboem-
bolic disease. Another point of criticism might be that the
group without PH had a lower mean age compared with the
group with PH. However, younger subjects tend to have
larger pulmonary arteries thereby potentially decreasing
rather than increasing the contribution of 3D volume mea-
sures in the linear regression model [28]. In addition, the
body surface area was very similar for patients with and
without PH. Finally, evaluation of inter- and intraobserver
agreement did not form part of our present study because
our previous study demonstrated excellent inter- and
intraobserver agreement with intraclass correlation coeffi-
cients of 0.995-0.999 for MPA, RPA and LPA [17].

In conclusion, automated 3D volumetry of the central pul-
monary arteries based on CTPA may be used in conjunction
with transthoracic echocardiographic PASP measurements to
noninvasively estimate mPAP and predict PH as confirmed by
gold standard RHC with higher diagnostic accuracy than ei-
ther test in isolation. Prospective studies are warranted to ver-
ify the value of the presented technique in the diagnostic
workup of patients with suspected PH.
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