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Abstract
Objective To evaluate whether the change in computed tomography pulmonary angiography (CTPA) metrics after balloon
pulmonary angioplasty (BPA) can predict treatment effect in chronic thromboembolic pulmonary hypertension (CTEPH)
patients.
Methods This study included 82 CTEPH patients who underwent both CTPA and right heart catheterization (RHC) before and at
the scheduled time of 6 months after BPA. The diameters of the main pulmonary artery (dPA), ascending aorta (dAA), right
atrium (dRA), right ventricular free wall thickness (dRVW), and right and left ventricles (dRV, dLV) were measured on CTPA.
The correlation of the New York Heart Association functional class (NYHA FC), 6-minute walking distance (6MWD), brain
natriuretic peptide (BNP) level, and calculated CT metrics with a decrease in mean pulmonary artery pressure (ΔmPAP) using
RHC (used as the reference for BPA effect) was investigated. Usingmultiple regression analysis, independent variables were also
identified.
Results In univariate analysis, clinical indicators (NYHA FC, 6MWD, and BNP level) improved significantly after BPA and
were significantly correlated withΔmPAP (p < 0.01). In the univariate analysis of CTPA parameters, dPA, dRA, dPA/dAA ratio,
dRVW, and dRV/dLV ratio decreased significantly and were significantly correlated with ΔmPAP (p < 0.01). Multivariate
analysis demonstrated that decreased dPA (p = 0.001) and decreased dRA (p = 0.039) on CTPA were independent predictive
factors of ΔmPAP.
Conclusions Decreased dPA and dRA on CTPA could predict a decrease in mPAP after BPA, thus potentially eliminating
unnecessary invasive catheterization.
Key Points
• The reduction in mean pulmonary artery pressure after balloon pulmonary angioplasty in CTEPH patients was significantly
correlated with the clinical indices improvement and CTPA parameter decrease.

• The decreased diameter of the main pulmonary artery and the decreased diameter of the right atrium on CTPA were
independent predictors of mean pulmonary artery pressure reduction.

Keywords Balloon angioplasty . Pulmonary arterial hypertension . Multidetector computed tomography . Predictive value of
tests . Cardiac catheters

Abbreviations
6MWD 6-minute walking distance
BMI Body mass index
BNP Brain natriuretic peptide
BPA Balloon pulmonary angioplasty
CIx Cardiac index
CO Cardiac output
CTEPH Chronic thromboembolic pulmonary

hypertension
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CTPA Computed tomography pulmonary
angiography

dAA Diameter of the ascending aorta
DECT Dual-energy computed tomography
dLV Diameter of the left ventricle
dPA Diameter of the main pulmonary artery
dRA Diameter of the right atrium
dRV Diameter of the right ventricle
ICC Intraclass correlation coefficient
mPAP Mean pulmonary arterial pressure
mRAP Mean right atrial pressure
NYHA FC New York Heart Association functional

class
PAH Pulmonary arterial hypertension
PAWP Pulmonary artery wedge pressure
PEA Pulmonary thromboendarterectomy
PVR Pulmonary vascular resistance
RHC Right heart catheterization
ROI Region of interest
sBP/dBP/mBP Systolic/diastolic/mean blood pressures
SD Standard deviation

Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH),
defined as Group 4 in the Nice clinical classification of pul-
monary hypertension [1], has a very poor prognosis except
with appropriate treatment [2]. Although postoperative pul-
monary thromboendarterectomy (PEA) patients have a better
prognosis than non-postoperative patients, approximately
40% of the patients cannot undergo PEA because of the pres-
ence of a distal thrombus or other comorbidities [3]. Balloon
pulmonary angioplasty (BPA) has emerged as an alternative
treatment option for patients with inoperable CTEPH [4].
BPA reduces the pulmonary artery pressure in CTEPH pa-
tients, resulting in improved New York Heart Association
functional class (NYHA FC), 6-minute walking distance
(6MWD) [5], and life prognosis of CTEPH patients [6].

Right heart catheterization (RHC) with pulmonary angiog-
raphy is routinely performed to confirm the diagnosis and
determine the hemodynamic characteristics of CTEPH; it is
the gold standard for the evaluation of CTEPH and for pre-
operative assessment. Although RHC is a relatively safe ex-
amination, serious complications occur in 1.1% patients even
at experienced centers, and the procedure-related mortality
rate has been reported to be 0.055% [7]. Conversely, recently,
computed tomography pulmonary angiography (CTPA),
which is often used to identify the location and extent of a
thrombus, plays an important role in the diagnosis of
suspected CTEPH [8]. The advantage of CTPA is its high
spatial and contrast resolution with a short scan time. In addi-
tion, the pulmonary perfusion imaging obtained by dual-

energy CT (DECT) is useful because it provides both anatom-
ical information and segmental pulmonary perfusion at the
target site simultaneously [9], which are important in deter-
mining treatment.

To date, several studies have reported the value of
performing CTPA before treatment [10, 11]; however, wheth-
er CT imaging could reflect the efficacy of BPA in CTEPH
patients remains unclear. If post-treatment CTPA images can
be used to easily estimate the effectiveness of BPAwithout the
use of special analysis applications, unnecessary invasive
catheterization and hospitalization can be avoided.
Consequently, the patient’s distress can be reduced, with a
positive impact on the healthcare system. Therefore, we hy-
pothesized that changes in CTPA imaging findings could be
used to predict a decrease in the mean pulmonary arterial
pressure (mPAP) obtained with RHC in patients with
CTEPH after BPA.

Thus, the aim of this study was to evaluate whether chang-
es in CTPAmetrics after BPA can predict a treatment effect in
CTEPH patients.

Materials and method

Data collection and patients’ characteristics

The study complied with the Declaration of Helsinki, and the
protocol for this retrospective study was approved by the
Ethics Committee of our institution (No. 20120224). Written
informed consent was obtained from all patients.

From November 2012 to December 2016, 117 consecutive
patients aged over 20 years with no history of renal dysfunc-
tion or allergy to contrast agents, but with known or suspected
CTEPH, were considered for inclusion in this study. CTEPH
was diagnosed in accordance with the 2015 European Society
of Cardiology and the European Respiratory Society guide-
lines for the diagnosis and treatment of pulmonary hyperten-
sion (Electronic Supplementary Material).

Of the 117 patients, those meeting the following
criteria were excluded: did not receive contrast-enhanced
CT (n = 18), did not receive RHC at the scheduled time of
6 months after treatment (n = 1), and had a history of
pulmonary endarterectomy before or after treatment (n =
7). Of the remaining 91 patients, 82 met all the listed
CTEPH diagnostic criteria and were ultimately enrolled
for the analysis. Despite having been diagnosed with
chronic thromboembolic disease, which means that they
had pulmonary hypertension due to chronic pulmonary
thromboembolism [12], nine patients were excluded from
the study because their pre-treatment mPAP was < 25
mmHg.

Data on patients’ characteristics, BPA-related information,
and RHC data were retrieved from the electronic medical
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records. The NYHA FC was determined by the severity of the
heart failure symptoms complained of by the patient
(Electronic Supplementary Material) [13]. The post-
treatment NYHA FC, 6MWD, and BNP minus the pre-
treatment NYHA FC, 6MWD, and BNP were defined as
ΔNYHA FC, Δ6MWD, and ΔBNP, respectively. The body
mass index (BMI) was calculated as weight in kilograms di-
vided by height in meters squared.

Imaging protocol of CTPA

CT examinations were performed using 320 detector-row CT
(AquilionONE, Canon Medical Systems), 256 detector-row
CT (Revolution CT, GE Healthcare), and 64 detector-row
CT scanners (Discovery CT750HD, GE Healthcare), before
and at the scheduled time of 6 months after treatment. A con-
trast material with a concentration of 370 or 350 mg/mL was
injected via the cubital vein over a period of 25 s using a
weight-adapted bolus-tracking injection protocol (1.5 mL/kg
body weight). Scanning to commence data acquisition was
performed under one breath and started 7.4–14 s after the
CT value of the region of interest (ROI) placed in the right
ventricle reached a threshold of + 100 HU. Image acquisition
was performed at a peak tube voltage of 100 kVp or 140/80
kVp (dual-energy CT), 0.275–0.500 s/rotation, under auto-
matic exposure control with a noise index of 20 (for a slice
thickness of 5 mm). The helical pitch factor was set to 0.828–
0.992. CT images with 1.00- or 1.25-mm thickness were re-
constructed using the adaptive iterative dose reduction 3D
[14] or adaptive statistical iterative reconstruction. The CT
dose index volume and dose length product for CT pulmonary
angiography were 11.7 ± 4.7 mGy and 432.0 ± 178.8
mGy・cm, respectively. The effective dose estimates for CT
were determined by using measured dose length products and
the appropriate normalized coefficients reported in the litera-
ture [15] and was 6.0 ± 2.5 mSv.

Hemodynamic studies

Previous studies have reported that the pulmonary arteries
treated by BPA become larger with follow-up, than at imme-
diately after the procedure [16, 17], and several previous stud-
ies evaluating the therapeutic effect of BPA on CTEPH were
conducted at 6 months, rather than immediately after BPA
treatment [18, 19]. For this reason, the present study compared
RHC and CTPA at the scheduled time of 6 months after BPA.
All patients underwent RHC using a 6-French (Fr.) or 7-Fr.
Swan-Ganz catheter (Swan-Ganz CCO CEDV; Edwards
Lifesciences). The hemodynamic parameter values, including
mPAP, mean right atrial pressure (mRAP), mean PAWP
(mPAWP), systolic/diastolic/mean blood pressures (sBP/
dBP/mBP), cardiac output (CO), and cardiac index (CIx),
were measured in all patients, both before and at the scheduled

time of 6 months after BPA. From the values obtained for
these parameters, pulmonary vascular resistance (PVR) was
calculated using the following formula:

PVR ¼ mPAP−mPAWPð Þ=CO� 80 dynes=s=cm−5� �

The mPAP before minus the mPAP at the scheduled time
of 6 months after BPA treatment was defined asΔmPAP and
was used as a reference for the treatment effect. Although
PVR is also often used as a hemodynamic indicator, it is
sensitive to both the blood flow and pressure and may not
accurately reflect the pulmonary circulation. For this reason,
mPAP, with a high objectivity and reliability, was determined
as an indicator of the treatment effect in the present study.

BPA procedure

The approach to the pulmonary artery was performed through
the internal right jugular vein or common femoral vein. First,
an 8-Fr. sheath was placed and then a 6-Fr. guiding sheath was
advanced to the main pulmonary artery trunk using a 0.035-in.
hydrophilic guidewire. The 6-Fr. guiding catheter was then
used to select the target vessel. After engaging the guiding
catheter to the target vessel, the target lesion was crossed with
a 0.014-in. guidewire. If the wire successfully passed through
the lesion, a dilatation balloon was used to inflate the lesion.
Appropriate balloon size was selected based on target vessel
diameter measurements by angiography, intravascular ultra-
sound, or optimal coherence tomography, and after inflating
the balloon, a similar device was used to confirm that the
vessel was successfully dilated. A successful procedure was
defined as having improved blood flow after treatment, or
having dilation on images obtained by angiography, intravas-
cular ultrasound, or optimal coherence tomography.

Image analysis

All CTPA images were evaluated by two board-certified radi-
ologists with 11 and 14 years of experience, respectively.
Blinding the clinical data was ensured by using a dedicated
commercially available diagnostic workstation (Centricity RA
1000, GE Healthcare). The widest short-axis diameter of the
main pulmonary artery (dPA) was measured, and the mean of
two perpendicular measurements of the ascending aortic di-
ameter (the aortic diameter [dAA]) was calculated using trans-
verse images at the level of the PA bifurcation (Fig. 1a, b); the
dPA/dAA ratio was calculated [20, 21]. The widest long-axis
diameter of the right atrium (dRA) and the widest short-axis
diameters of the right (dRV) and left ventricles (dLV) were
also measured on the transverse images (Fig. 1c, d); the dPA/
dRA ratio and dRV/dLV ratio were calculated [21]. Diameter
of the right ventricular free wall thickness (dRVW) was also
measured (Fig. 1c, d) according to previous literature [22].

5526 Eur Radiol  (2021) 31:5524–5532



The measurements of the blood vessel, atrium, and ventricle
diameters were performed using the outer limits of the filled
contrast medium.

Statistical analysis

Descriptive statistics are presented as mean ± standard devia-
tion (SD) for continuous variables. Pre- and post-treatment
differences were compared using the paired t test for continu-
ous variables: NYHA-FC, 6MWD, BNP, hemodynamic char-
acteristics, and CTPA parameters. The correlations between

changes in NYHA-FC, 6MWD, BNP, or imaging parameters
obtained from CTPA and changes in hemodynamics obtained
from RHC were evaluated using the Pearson correlation coef-
ficients. Multiple regression analysis was also used to identify
the independent variables of CTPA parameters related to he-
modynamic changes. Inter- and intra-observer agreements
were assessed by calculating the intraclass correlation coeffi-
cient (ICC) for the first 30 consecutive patients. All statistical
analyses were performed using IBM SPSS Statistics for
Macintosh, Version 26.0 (IBM Corp.). Two-sided p values
of less than 0.05 were considered to be statistically significant.

Fig. 1 Vascular and cardiac chamber diameter measurements on
computed tomography pulmonary angiography images. The widest
short-axis diameter of the main pulmonary artery (dPA) is measured,
and the mean of two perpendicular measurements of the ascending aortic
diameter to represent the aortic diameter (dAA) is calculated using trans-
verse images at the level of the PA bifurcation (orange, blue, and green
lines in Fig. 1a, b, respectively). The dPA/dAA ratio is calculated. The

widest long-axis diameter of the right atrium (dRA), the widest short-axis
diameters of the right and left ventricles (dRV, dLV), and the short-axis
diameters of right ventricular free wall thickness (dRVW) are also mea-
sured on transverse images (orange, blue, green, and yellow lines in Figs.
1c, d, respectively). The dPA/dRA ratio and dRV/dLV ratio are
calculated.

Table 1 Characteristics of
enrolled patients with CTEPH (N
= 82)

Variables Pre Post 6 months p value

Age (years) 61.3 ± 14.3

Male/female 32/50

BMI (kg/m2) 23.5 ± 4.4

NYHA functional class (I/II/III/IV) 2.85 ± 0.5 1.30 ± 0.5 < .001**

6MWD (m) 353.0 ± 104.7 445.1 ± 101.3 < .001**

BNP (pg/mL) 223.9 ± 397.9 37.8 ± 50.1 < .001**

CTEPH chronic thromboembolic pulmonary hypertension, BMI body mass index, NYHA New York Heart
Association, 6MWD 6-minute walk distance, BNP brain natriuretic peptide

**Shows significant correlation at the 1% level
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Results

The characteristics of the CTEPH patients are described in
Table 1. The study population consisted of 32male and 50 female
patients (mean age ± SD, 61.3 ± 14.3 years; range 22–83 years).
The mean intervals between CTPA and RHC before BPA initia-
tion and at the scheduled time of 6 months after the final BPA
procedure were 26.9 ± 55.7 days and 0.1 ± 2.1 days, respectively.
The duration between the last BPA and the CT for determining
the treatment effect was 196.8 ± 34.0 days. BPA treatment result-
ed in procedural success in all cases. A total of 6.4 ± 1.9 BPA
sessions were performed per patient, with 14.2 ± 2.2 lesions treat-
ed in each session. After BPA, there was a significant improve-
ment in BNP, NYHA FC, and 6MWD (Fig. 2). Decreases in
BNP (r = − 0.339, p < 0.01) and NYHA FC (r = 0.396, p <
0.01) and an increase in 6MWD (r = 0.536, p < 0.01) were
significantly correlated with a decrease in mPAP (Fig. 2).

The hemodynamic changes obtained from RHC and the
changes in the imaging parameters obtained from CTPA are
shown in Table 2. The hemodynamic parameters improved
following BPA, with a statistically significant decrease in
mPAP, mRAP, mPAWP, dBP, mBP, CO, CIx, and PVR. In
terms of CTPA parameters, there were statistically significant
reductions in dPA, dRA, dRVW, dPA/dAA ratio, dRV/dLV

ratio, and dRA/dPA ratio, and the interobserver ICC for these
results ranged from 0.829 to 0.993 while the intraobserver
ICC ranged from 0.844 to 0.997 (p < 0.01, Table 2).

The results of the Pearson correlation analysis between the
hemodynamic changes obtained from RHC and the changes
in imaging parameters obtained from CTPA are also shown in
Fig. 2. The decrease in mPAP was significantly correlated
with decreased dPA (ΔdPA, r = 0.590), dRA (ΔdRA, r =
0.516), dRV/dLV ratio (ΔdRV/dLV ratio, r = 0.452), and
dPA/dAA ratio (ΔdPA/dAA ratio, r = − 0.435) (all p < 0.01).

The results of the multiple regression analysis for the pre-
dictors of mPAP reduction after BPA are shown in Table 3. In
this multiple linear regression model, age, sex, BMI, ΔdPA,
ΔdRA, and ΔdRV/dLV ratio were included as factors, con-
sidering the collinearity of the variables (e.g., BMI, height,
and weight; ΔdPA and ΔdPA/dAA ratio; and ΔdRA and
ΔdRA/dPA ratio). The multivariate analysis demonstrated
that decreased ΔdPA (p < 0.001) and ΔdRA (p = 0.039) on
CTPA were independent predictors of decreased mPAP after
adjusting for other variables.

Forty-six patients (56%) received either mono- or combi-
nation pulmonary vasodilator medication therapy (endothelin
receptor antagonist, phosphodiesterase type 5 inhibitor, or a
soluble guanylyl cyclase stimulant) prior to BPA, and 61

Fig. 2 Correlation between hemodynamic changes and the New York
Heart Association functional class (NYHA FC), 6-minute walking dis-
tance (6MWD), brain natriuretic peptide (BNP) level, and computed to-
mography pulmonary angiography parameter changes before and after

balloon pulmonary angioplasty (BPA). The decrease in mPAP after
BPA is significantly associated with a decrease in the NYHA FC, an
increase in the 6MWD, a decrease in BNP level, and a decrease in
dPA, dRA, dRV/dLV ratio, and dPA/dAA ratio (all p < 0.01).
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patients (74%) received it at 6 months of BPA. At least one
antiplatelet or anticoagulant was used continuously in all the
patients. Fifty-two patients (63%) received either mono- or
combination medication for right heart failure (diuretics, va-
sopressin receptor antagonists, or long-acting bronchodila-
tors) prior to BPA, and 61 patients (74%) received them after
6 months of BPA.

Discussion

In this study, decreased dPA and dRA on CTPA were inde-
pendent predictors of mPAP decrease, as demonstrated
through multiple regression analysis. These results suggest
that the measurements ofΔdPA andΔdRA on CTPA, before
and after BPA, may predict a decrease in mPAP, thereby

Table 2 Hemodynamic and CTPA parameters before and at the scheduled time of 6 months after BPA

Variables Pre Post 6 months Change (Δ) 95% CI p value Interobserver
agreement
(ICC)

Intraobserver
agreement
(ICC)

Hemodynamic
parameters

mPAP (mmHg) 39.5 ± 10.2 20.1 ± 4.5 − 19.4 ± 9.9 − 21.6 to − 17.3 < .001 **

mRAP (mmHg) 6.6 ± 3.2 2.6 ± 1.9 − 3.9 ± 3.4 − 4.7 to − 3.2 < .001 **

mPAWP
(mmHg)

8.6 ± 2.9 7.4 ± 2.8 − 1.2 ± 3.3 − 1.9 to − 0.5 0.001 **

sBP (mmHg) 116.0 ± 17.7 114.9 ± 19.5 − 1.7 ± 15.2 − 5.0 to 1.6 0.324

dBP (mmHg) 70.0 ± 13.7 65.1 ± 12.9 − 4.9 ± 13.1 − 7.8 to − 2.0 0.001 **

mBP (mmHg) 85.6 ± 15.8 80.5 ± 15.0 − 5.1 ± 14.8 − 8.6 to − 1.6 0.005 **

CO (L/min) 3.7 ± 1.3 4.1 ± 1.2 0.4 ± 1.2 0.1 to 0.7 0.003 **

CIx (L/min/m2) 2.2 ± 0.7 2.4 ± 0.6 0.2 ± 0.7 0.1 to 0.4 0.012 *

PVR (WoodU) 849.3 ± 676.5 269.8 ± 129.2 − 579.4 ± 656.7 − 723.7 to − 435.2 < .001 **

CTPA
parameters

dPA (mm) 33.1 ± 5.7 31.3 ± 5.3 − 1.8 ± 2.9 − 2.48 to − 1.19 < .001 ** 0.993 0.997

dRA (mm) 65.7 ± 13.2 58.5 ± 10.0 − 7.0 ± 10.9 − 9.5 to − 4.7 < .001 ** 0.965 0.991

dAA (mm) 31.2 ± 4.9 31.2 ± 4.5 − 0.03 ± 1.7 − 0.4 to 0.3 0.863 0.987 0.992

dRVW (mm) 6.1 ± 1.8 5.3 ± 1.7 − 0.8 ± 2.2 − 1.3 to − 0.3 0.001 ** 0.829 0.844

dPA/dAA ratio 1.08 ± 0.20 1.01 ± 0.18 − 0.06 ± 0.11 − 0.09 to − 0.04 < .001 ** 0.985 0.99

dRV/dLV ratio 1.30 ± 0.57 1.03 ± 0.43 − 0.28 ± 0.46 − 0.38 to − 0.18 < .001 ** 0.856 0.95

dRA/dPA ratio 2.00 ± 0.34 1.89 ± 0.32 − 0.1 ± 0.3 − 0.17 to − 0.04 0.003 ** 0.964 0.989

CTPA computed tomography pulmonary angiography, BPA balloon pulmonary angioplasty, CI confidence interval, ICC intraclass correlation coeffi-
cient, mPAP mean pulmonary arterial pressure, mRAP mean right atrial pressure, mPAWP mean pulmonary artery wedge pressure, sBP systolic blood
pressure, dBP diastolic blood pressure, mBP mean blood pressure, CO cardiac output, CIx cardiac index, PVR pulmonary vascular resistance, dPA
diameter of main pulmonary artery, dRA diameter of right atrium, dAA diameter of ascending aorta, dRVW diameter of right ventricle free wall, dRV
diameter of right ventricle, dLV diameter of left ventricle

** and * show significant correlation at the 1% and 5% level, respectively

Table 3 Multiple linear
regression analysis for predictors
of mPAP decrease

Explanatory variables ΔmPAP

Standardized coefficient (β) SE 95% CI p value VIF

Age 0.065 0.063 − 0.081 to 0.17 0.478 1.156

Sex 0.132 1.808 − 0.932 to 6.272 0.144 1.116

BMI (kg/m2) 0.027 0.198 − 0.333 to 0.456 0.756 1.08

ΔdPA (mm) 0.407 0.333 0.714 to 2.041 < 0.001 ** 1.354

ΔdRA (mm) 0.224 0.097 0.01 to 0.398 0.039 * 1.591

ΔdRV/dLV ratio 0.196 3.862 − 0.1 to 15.288 0.053 1.383

R2 = 0.463

ΔmPAP change in mean pulmonary arterial pressure, SE standard error, CI confidence interval, VIF variance
inflation factor, BMI bodymass index, dPA diameter ofmain pulmonary artery, dRA diameter of right atrium, dRV
diameter of right ventricle, dLV diameter of left ventricle

** and * show significant correlation at the 1% and 5% level, respectively
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leading to a reduction in the frequency of post-treatment RHC.
The decrease in dPA and dPA/dAA on CTPA may be a direct
finding reflecting the reduction of mPAP after BPA.
Similarly, the reduction in atrial and ventricular-related pa-
rameters such as PVR and mRAP (Table 2) after BPA may
indicate an improvement in the right cardiac load, which may
be reflected as a reduction in dRA and dRV/dLV ratio in
CTPA.

The treatment efficacy of CTEPH can be comprehensively
predicted by the combination of a noninvasive assessment of
NYHA-FC [23], 6MWD, and biomarkers such as BNP [24],
and by an invasive assessment using RHC [25]. In particular,
the relationship between the mPAP obtained in RHC and the
prognosis is emphasized in some studies, and remarkable im-
provement in prognosis is observed using mPAP as a treat-
ment index [26–28]. Since the NYHA FC is based on the
subjective judgement of the patient, it does not have a high
degree of objectivity. Similarly, although baseline 6MWD is
closely associated with the hemodynamic parameters and has
been used as the primary endpoint in many clinical trials [29],
clear conclusions have yet to be reached regarding the relation-
ship between improved 6MWD and hemodynamic status. This
may be due to the fact that if the pre-treatment 6MWD is al-
ready optimal, therapy may not lead to an improved 6MWD.
Additionally, 6MWD is known to be influenced by the patients’
desire to learn, the patients’ characteristics, and the presence of
comorbidities; thus, its reliability as an objective index may not
be sufficiently high. In this regard, because CTPA is a simple,
objective, and less invasive method for assessing treatment ef-
ficacy, it is clinically meaningful that changes in CTPA param-
eters are independent predictors of ΔmPAP.

The measurement method for the pulmonary artery diam-
eter on CT used in this study has been previously investigated
as a screening and diagnostic method for pulmonary hyper-
tension [20]. Truong et al proposed a severity classification
system using dPA and dPA/dAA ratio for the diagnosis of and
prognostication in pulmonary hypertension using CT images;
groups classified as either moderate or severe in this classifi-
cation had increased mortality compared to those classified as
normal [20]. Several other advanced CT techniques using
dual-energy CT [30, 31] have been reported to be useful for
the evaluation of segmental pulmonary perfusion in patients
with CTEPH. However, whether CT imaging could reflect the
efficacy of BPA remains unclear. Koike et al demonstrated
improvements in segmental lung perfusion after BPA using
DECT in 17 CTEPH patients [30]. Another study attempted to
estimate the pulmonary perfusion change using CTPA with
special analytical applications in 14 CTEPH patients, and den-
sity change in the vascular and parenchymal areas correlated
significantly with the hemodynamic change [32]. These pre-
vious methods of determining treatment efficacy using DECT
or special applications to compare the lung perfusion before
and after treatment are complicated and, therefore, difficult for

all hospitals to employ. In contrast, our study confirmed the
efficacy of using CTPA to predict the treatment efficacy in 82
patients, the largest number ever reported, without the use of
any special analytical applications. The method used in this
study to measure the vessel, atrial, and ventricular diameters
using cross-sectional CTPA images is simple and can be im-
mediately applied clinically in almost all hospitals.

A previous study reported the correlation between changes
in postoperative CTPA findings and changes in mPAP in
CTEPH patients who underwent PEA, but not BPA [22].
The study targeted mPAP or PVR and evaluated the associa-
tion with CT scores generated by the four categories of lesion
distribution, dPA, mosaic perfusion, and tricuspid regurgita-
tion. As a result, in the 69 CTEPH patients treated with PEA,
though there was a correlation with lesion distribution when
targeting PVR, but the strongest correlation with dPA was
seen when targeting mPAP [22]. Although our study con-
firmed that ΔdPA was significantly associated with ΔmPAP
after BPA, when ΔdPA is used to predict post-treatment
mPAP reduction in clinical application, the reduction in dPA
associated with a reduction in mPAP of approximately
20 mmHg (19.4 ± 9.9 mmHg, Table 2) is small, that is ap-
proximately 2 mm (1.8 ± 2.9 mm, Table 2), and thus, there is a
risk of error in measurement. On the other hand, whenΔdRA
is used to predict post-treatment mPAP reduction, a reduction
of approximately 7 mm is associated with a reduction in
mPAP of approximately 20 mmHg, which may result in less
error frommeasurement. To predict how much the mPAPwill
decrease, the equation in Fig. 2 (ΔmPAP = 0.4694ΔdRA
− 16.094) could be used to estimate the approximate value,
to some extent.

In our study, patients with known allergies to contrast ma-
terials or with renal dysfunction were excluded for the purpose
of ensuring accuracy; however, several authors have reported
the validity of mPAP prediction using dPA and dPA/dAA
ratio on non-contrast CT [20, 33]. Although the frequency of
adverse events associated with nonionic, low-osmolarity io-
dinated contrast is not high, ranging from 0.2 to 3.1%, they
should not be used, especially in patients with a history of
allergies, as one in every 170,000 injections can be a poten-
tially fatal adverse event [34, 35]. Although there are no re-
ports comparing the accuracy of dPA measurements in pa-
tients with pulmonary hypertension between contrast- and
non-contrast CT, non-contrast CT may be a substitute for the
estimation of mPAP in patients with renal failure.

Our study had several limitations. First, this study included
only 82 patients at a single institution; further studies in a
larger patient population are needed to confirm our observa-
tions. Second, due to the high number of CT scans taken per
day in clinical practice at our institution where the study was
conducted, it was difficult to ensure that the same CT scanwas
used before and after BPA and that the concentration of con-
trast agent was accurately matched. However, as this study
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only measured vessel, ventricle, and wall diameters without
special applications, we believe that the differences in these
imaging conditions did not affect the results of this study. In
addit ion, the CT taken in this study was a non-
electrocardiogram-gated CT. Thus, the measurement method
used in this study was highly versatile and can have good
clinical applicability. Third, in the present study, the mean
interval between CTPA and RHC at the scheduled time of 6
months after the end of BPA was very short (0.1 day), while
the mean interval between CTPA and RHC before the initia-
tion of BPAwas 27 days. Although there is a risk of error over
time when CTPA and RHC are performed at larger intervals
after treatment, the impact on imaging parameters and hemo-
dynamics before BPA is thought to be small as the patients do
not undergo any intervention in the interim. Thus, we believe
that the interval between CTPA and RHC before the initiation
of BPA would not have affected the results. Finally, for sim-
plicity, we evaluated only changes in the vessel, ventricular,
and atrial diameters on CTPA transverse images as imaging
parameters and did not perform other quantitative measure-
ments using special applications. This is because we believe
that this simple method is practical and easy to apply
clinically.

In conclusion, the changes in CTPA findings after BPA
reflected well the decrease in mPAP achieved with RHC. In
particular, the decrease in dPA and dRA appeared to be inde-
pendent predictors of the reduction in mPAP after BPA.
Therefore, the prediction of mPAP reduction by CTPA, which
is a simple, objective, and less invasive method for assessing
treatment, is of high clinical utility, thus potentially eliminat-
ing unnecessary invasive assessment using RHC.
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