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Regional Right Ventricular Abnormalities
Implicate Distinct Pathophysiological
Conditions in Patients With Chronic
Thromboembolic Pulmonary Hypertension

Hidenori Moriyama, MD; Takashi Kawakami, MD, PhD; Masaharu Kataoka, MD, PhD; Takahiro Hiraide, MD,
PhD; Mai Kimura, MD, PhD; Jin Endo “*', MD, PhD; Takashi Kohno “/, MD, PhD; Yuiji ltabashi, MD, PhD;
Yoshihiro Seo, MD, PhD; Keiichi Fukuda, MD, PhD; Mitsushige Murata “*, MD, PhD

BACKGROUND: Right ventricular (RV) dysfunction is a prognostic factor for cardiovascular disease. However, its mechanism and
pathophysiology remain unknown. We investigated RV function using RV-specific 3-dimensional (3D)-speckle-tracking echo-
cardiography (STE) in patients with chronic thromboembolic pulmonary hypertension. We also assessed regional wall motion
abnormalities in the RV and chronological changes during balloon pulmonary angioplasty (BPA).

METHODS AND RESULTS: Twenty-nine patients with chronic thromboembolic pulmonary hypertension who underwent BPA were
enrolled and underwent right heart catheterization and echocardiography before, immediately after, and 6 months after BPA.
Echocardiographic assessment of RV function included both 2-dimensional-STE and RV-specific 3D-STE. Before BPA, global
area change ratio measured by 3D-STE was significantly associated with invasively measured mean pulmonary artery pres-
sure and pulmonary vascular resistance (r=0.671 and r=0.700, respectively). Dividing the RV into the inlet, apex, and outlet,
inlet area change ratio showed strong correlation with mean pulmonary artery pressure and pulmonary vascular resistance
before BPA (~=0.573 and r=0.666, respectively). Only outlet area change ratio was significantly correlated with troponin T val-
ues at 6 months after BPA (r=0.470), and its improvement after BPA was delayed compared with the inlet and apex regions.
Patients with poor outlet area change ratio were associated with a delay in RV reverse remodeling after treatment.

CONCLUSIONS: RV-specific 3D-STE analysis revealed that 3D RV parameters were novel useful indicators for assessing RV
function and hemodynamics in pulmonary hypertension and that each regional RV portion presents a unique response to
hemodynamic changes during treatment, implicating that evaluation of RV regional functions might lead to a new guide for
treatment strategies.

Key Words: chronic thromboembolic pulmonary hypertension m regional wall motion abnormality ® right ventricular function ® three-
dimensional speckle-tracking echocardiography

ease, leading to death in right-sided heart failure.
Accurate evaluation of right ventricular (RV) func-
tion is particularly important because it is an indepen-
dent prognostic factor in patients with PH.! Since the
right ventricle has a complicated shape, cardiac mag-
netic resonance imaging, not echocardiography, has

Pulmonary hypertension (PH) is a progressive dis-

been the gold standard tool for assessing RV volume
and its function. In recent years, 2-dimensional (2D)-
speckle-tracking echocardiography (STE) has demon-
strated its usefulness and superiority for assessing RV
performance in patients with PH, over conventional RV
functional parameters.?® However, 2D-STE has some
inevitable limitations, including inaccurate myocardial
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CLINICAL PERSPECTIVE

What Is New?

e Using right ventricular (RV)-specific 3-dimen-
sional speckle-tracking echocardiography, RV
global and regional wall motion abnormalities
were assessed in patients with chronic throm-
boembolic pulmonary hypertension who under-
went balloon pulmonary angioplasty.

e RV global area change ratio and inlet area
change ratio were highly correlated with inva-
sively measured mean pulmonary arterial pres-
sure and pulmonary vascular resistance before
balloon pulmonary angioplasty as well as the
exercise tolerance (6-minute walk distance).

e The recovery of RV outlet area change ratio
was delayed compared with the inlet and api-
cal regions during treatment. Patients with poor
outlet area change ratio were associated with a
delay in RV reverse remodeling after treatment.

What Are the Clinical Implications?

e RV inlet and outlet portion present different
response to hemodynamic changes during
treatment of balloon pulmonary angioplasty in
patients with chronic thromboembolic pulmo-
nary hypertension, implicating that evaluation of
RV regional functions might lead to a new guide
for treatment strategies.

Nonstandard Abbreviations and Acronyms

2D 2-dimensional

3D 3-dimensional

ACR area change ratio

BPA balloon pulmonary angioplasty

CTEPH chronic thromboembolic pulmonary
hypertension

mPAP mean pulmonary arterial pressure

PH pulmonary hypertension

RHC right heart catheterization

STE speckle-tracking echocardiography

tracking because of the through-plane phenomenon
or availability of strain measurement only in the longitu-
dinal direction. Moreover, its evaluation is limited to an
area within the right ventricle, and information about
RV outflow is particularly lacking.

Three-dimensional (3D)-RV Wall Motion Tracking
is a recently developed 3D-STE software for evalu-
ating global and regional RV function that considers
the complex anatomy of the right ventricle.*® Using
this software, we recently reported a case in which
only RV-specific 3D-STE could successfully detect
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heterogeneous RV functional abnormalities, and their
drastic improvement before and after treatment, in
patients with pulmonary arterial hypertension.® This
suggested that each part of the RV presented a
unique response to an increase and release of after-
load, and that RV-specific 3D-STE would be a useful
tool for the assessment of RV regional wall motion
abnormalities as well as therapeutic effects. To date,
there has been no report focusing on changes in
RV regional wall motion abnormalities during treat-
ment of PH. It is hypothesized that the application
of RV-specific 3D-STE, which is able to evaluate RV
regional functions across the complex structure of
the entire right ventricle, may identify features of local
changes in the right ventricle during the course of
treatment.

In this study, we investigated the usefulness of
RV-specific 3D-STE for assessing RV performance
in patients with chronic thromboembolic pulmonary
hypertension (CTEPH) subjected to balloon pulmo-
nary angioplasty (BPA). We further assessed regional
wall motion abnormalities in RV regions (inlet, outlet,
and apical) and their functional properties during the
treatment.

METHODS

The data that support the findings of this study
are available from the corresponding author upon
reasonable request after the approval of our insti-
tutional review board. The local ethics review com-
mittee approved the present study and all patients
provided written informed consent. This single-
center, retrospective study included a total of 44
patients with CTEPH who underwent BPA at Keio
University Hospital from June 2016 to May 2018.
Patients who performed the examination without
3D-echocardiography or were assessed using de-
vices by different vendors (n=4), those with subopti-
mal 3D-image quality (n=10), and those without right
heart catheterization (RHC) after BPA (n=1) were ex-
cluded. The diagnosis of CTEPH and the indications
for BPA have been described previously.” PH was de-
fined as a mean pulmonary arterial pressure (MPAP)
>25 mm Hg at rest measured by RHC. The decision
to perform BPA instead of pulmonary endarterec-
tomy was taken by the CTEPH team according to
surgical accessibility of the thrombi and inoperability.

Hemodynamic Studies

All patients underwent RHC using a 6-Fr or 7-Fr Swan-
Ganz catheter (Swan-Ganz CCO CEDV; Edwards
Lifesciences, Irvine, CA) before, immediately after
(1 week after BPA), and 6 months after BPA. Mean
right atrial pressure, mPAP, mean pulmonary arterial
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wedge pressure, and cardiac output were measured
during RHC. Cardiac output was assessed using the
Fick technique, and cardiac index was calculated
by dividing cardiac output by body surface area.
Pulmonary vascular resistance (PVR) was calculated
using the following formula: PVR=80 (mPAP-mean
pulmonary arterial wedge pressure)/cardiac output.
The technical procedure for BPA has been described
previously.®

Echocardiographic Studies (Conventional
Echocardiography and 2D Strain)

All patients underwent echocardiographic examina-
tions using an ARTIDA ultrasound system (Canon
Medical Systems, Tokyo, Japan) at almost the same
time of RHC (within 48 hours). Previously established
criteria were used to measure RV size and function.?
Two- dimensional STE for RV global longitudinal
free wall strain was performed using an RV-focused
4-chamber view (2D Wall Motion Tracking; Canon
Medical Systems).

RV-Specific 3D-Speckle-Tracking
Echocardiography
Details of 3D-RV echocardiographic acquisition have
been described previously.* Full-volume electrocardi-
ography-gated 3D data were acquired in the apical po-
sition using a matrix-array 3D transducer. Transferred
data of 3D-STE images were analyzed by prototype
software (3D-RV Wall Motion Tracking; Canon Medical
Systems) for RV assessment offline.

The details of the 3D Wall Motion Tracking algorithm
for the right ventricle have also been described previ-
ously.* Using an end-diastolic frame at the beginning
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of the QRS complex of ECG, endocardial borders of
the right ventricle were traced manually in the 4-cham-
ber plane, coronal plane, and 3 short axis planes
(apical-mid, mid, and base levels), respectively. The
software automatically tracks the voxel pattern of the
speckles frame by frame in 3D space and calculates
the RV end diastolic volume, RV end systolic volume,
RV ejection fraction, and area change ratio (ACR),
which was defined as the percent change of the re-
gional area of the endocardium. For regional analysis,
the entire RV was divided into 6 regions: inlet lateral,
inlet inferior, inlet septum, outflow septum, outflow free
wall, apical free wall, and apical septum. The anterior
papillary muscle in the free wall and the attachment
sites of the moderator band in the ventricular septum
were used as landmarks for correct segmentation and
could be adjusted manually. Regional ACR values of
the inlet, outlet, or apical areas adopted the average
ACR value in each segment; ie the inlet ACR value was
the average of the inlet lateral, inlet inferior, and inlet
septum values (Figure 1).

Statistical Analysis

Quantitative results are expressed as mean+SD.
Changes in clinical, hemodynamic or RV functional
parameters before, immediately after, and 6 months
after BPA were compared using repeated meas-
ure ANOVA method followed by paired t test with
Bonferroni collection. Alithough RHC and echocardio-
graphic study was done on all patients, we excluded
data of RV global longitudinal free wall strain for 1
case before BPA and 2 cases immediately after BPA
because of the inaccurate myocardial tracking. There
were also missing data of 6-minute walk distance be-
fore BPA and 6 months after BPA for 1 case each. The

Perspective from free wall

Perspective from septum

Parameter:
Area change ratio (ACR)

Diastole
——

Systole

i)

x 100 [%]

Anterior papillary muscle Moderator band

Figure 1. Representative images of right ventricular-specific 3-dimensional (3D)-speckle-tracking echocardiography.
The right ventricle is divided into the inlet, apical, and outlet portions and area change ratio of the global and each regional portion was
used as a 3D-functional parameter. ACR indicates area change ratio; PV, pulmonary valve; and TV, tricuspid valve.
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Table 1. Clinical and Hemodynamic Parameters
Before BPA Immediately After BPA 6M After BPA P Value
Clinical and laboratory data
Systolic BP, mm Hg 1241+21.6 1121+16.4 117.4£18.9 <0.05*
Diastolic BP, mm Hg 72.2+15.2 63.7+8.4 67.1£10.9 <0.01*
Heart rate, beats/min 73.9+15.1 65.3+12.7 70.1£12.3 0.001*
WHO functional Class (I/1I/11l/IV) o/MA7A 11/18/0/0 14/15/0/0 <0.001%
B6MWD, m 371.3+102.1 Not performed 441.8+113.9 <0.001
Hemoglobin, g/dL 13.6+1.9 12.9+1.7 13.0+1.5 <0.05*
BNP, pg/mL 212.3+349.6 39.0+49.5 471571 <0.051
Troponin T, ng/mL 0.012+0.007 0.010+0.006 0.011+0.007 0.20
Hemodynamic data
mRAP, mm Hg 5.4+4.3 1.4+1.6 2.2+19 <0.001%
mPAP, mm Hg 39.6+13.1 19.6+3.2 20.6+4.1 <0.001%
mPAWP, mm Hg 7.6+2.9 6.2+2.9 7.2+3.1 0.05
Cl, L/min per m? 2.4+0.6 2.6+£0.5 2.7+0.6 0.08
PVR, dyne s cm® 762.3+504.2 257.7+78.6 258.4+92.5 <0.001%

Data are expressed as mean+SD, or as number. BMWD indicates 6-minute walk distance; BNP, brain natriuretic peptide; BP, blood pressure; BPA, balloon
pulmonary angioplasty; Cl, cardiac index; mPAP, mean pulmonary artery pressure; mRAP, mean right atrial pressure; mPAWP, mean pulmonary arterial wedge
pressure; PVR, pulmonary vascular resistance; and WHO, World Health Organization.

*Before BPA vs immediately after BPA was P<0.05.

fBefore BPA vs immediately after BPA and before BPA vs 6 months after BPA were P<0.05.

following comparisons were performed using Pearson
correlation coefficient: hemodynamic data and echo-
cardiographic data before BPA, changes in 6-minute
walk distance from before BPA to 6 months after BPA
and those in echocardiographic parameters or brain
natriuretic peptide, troponin T values and ACR values

Table 2. Echocardiographic Parameters

6 months after BPA. Furthermore, patients were cat-
egorized into 2 groups (poor outlet ACR group and
good ACR group) according to outlet ACR values
6 months after BPA and compared the RV volume
using Student t test. Changes in ACR values (AACR)
of each segment both immediately after BPA and

Before BPA Immediately After BPA 6 M After BPA P Value
2D parameters
TR moderate or severe, % 17.2 0 0 <0.001*
RVEDA, cm? 25.2+7.7 21.2+6.5 19.7+6.2 <0.001*
RVESA, cm? 18.0+6.9 13.2+4.7 11.8+4.3 <0.001*
RVFAC, % 29.7£8.2 38.3+6.9 40.4+7.4 <0.001*
TAPSE, mm 1.7£0.4 2.0£0.3 2.0£0.4 <0.01*
S, cm/s 10.4+2.2 11.4+1.9 11.6+2.2 0.08
RVGLS, % -15.4+4.3 -19.1+£3.6 -211+£3.7 <0.001*
3D parameters
RVEDVI, mL/m? 91.4+26.8 65.3+11.8 58.6+16.1 <0.001*
RVESVI, mL/m? 66.1£23.3 42.5+8.4 37.2+12.8 <0.001*
RVEF, % 28.5+6.4 34.9+6.3 37.1+6.7 <0.001*
Global ACR, % -15.6+3.6 -19.7+4.1 -21.2+4.2 <0.001*
Inlet ACR (%) -22.3+5.9 -271+5.0 -28.1+5.3 <0.001*
Outlet ACR (%) -14.0+5.2 -16.4+5.2 -19.2+4.9 0.001%
Apical ACR (%) -10.4+3.9 -14.3+4.5 -14.1£6.7 0.001*

Data are expressed as mean+SD, or as number. ACR indicates area change ratio; BPA, balloon pulmonary angioplasty; RVEDA, right ventricular end diastolic
area; RVEDVI, right ventricular end diastolic volume index; RVEF, right ventricular ejection fraction; RVESA, right ventricular end systolic area; RVESVI, right
ventricular end systolic volume index; RVFAC, right ventricular fractional area change; RVFLS, right ventricular free wall strain; RVGLS, right ventricular global
longitudinal strain; TAPSE, tricuspid annulus plane systolic excursion; and TR, tricuspid regurgitation.

*Before BPA vs immediately after BPA and before BPA vs 6 months after BPA were P<0.05.

TBefore BPA vs 6 months after BPA was P<0.05.
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Table 3. Correlation Between mPAP or PVR and
Echocardiographic Parameters Before BPA

mPAP PVR
r P Value r P Value
2D parameter
RVFAC, % -0.559 <0.01 -0.590 0.001
TPASE, mm -0.186 0.335 -0.392 <0.05
S, cm/s -0.156 0.418 -0.393 <0.05
RVGLS, % 0.568 <0.01 0.498 <0.01
3D parameter
RVEF, % -0.531 <0.01 -0.678 <0.001
Global ACR, % 0.671 <0.001 0.700 <0.001
Inlet ACR, % 0.573 0.001 0.666 <0.001
Outlet ACR, % 0.425 <0.05 0.298 0.116
Apical ACR, % 0.423 <0.05 0.362 0.05

ACR indicates area change ratio; BPA, balloon pulmonary angioplasty;
mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular
resistance; RVEF, right ventricular ejection fraction; RVFAC, right ventricular
fractional area change; RVGLS, right ventricular global longitudinal strain;
and TAPSE, tricuspid annulus plane systolic excursion.

6 months after BPA from before BPA were calculated
and compared them using paired t test. All statisti-
cal analyses were performed using SPSS version 24
(SPSS Inc., Chicago, IL, USA).

Intra-Observer and Inter-Observer
Variability

Intra-observer variability and inter-observer variability
of ACR were calculated by a blinded repeat analysis of
15 randomly chosen patients. Intra-observer variability
was performed 3 months after the first reading to avoid
recall bias.

RV Regional Dysfunction in PH

RESULTS

Baseline Characteristics

The final analysis included 29 patients with CTEPH. The
study population was predominantly women (65.5%)
with a mean age of 63.0+13.7 years, and BPA was
performed in 6+£2 sessions. The clinical and hemo-
dynamic parameters of patients before, immediately
after, and 6 months after BPA are shown in Table 1.
The mPAP and PVR of the patients were significantly
improved immediately after BPA and continued to im-
prove at 6 months after BPA. Table 2 shows 2D and
3D echocardiographic parameters of the RV before,
immediately after, and 6 months after BPA. Overall, al-
most 2D and 3D RV functional parameters improved
significantly immediately after BPA, and no deteriora-
tion was observed even after 6 months of BPA.

Three-Dimensional Global ACR for the
Evaluation of RV Performance

We first studied the correlation between hemodynamic
data (MPAP and PVR) and echocardiographic param-
eters of RV function. As shown in Table 3, the global
ACR of the 3D parameters was significantly correlated
with mPAP and PVR (=0.671, P<0.001 and r=0.700,
P<0.001, respectively). We also compared changes in
echocardiographic parameters to those in the 6-min-
ute walk distance, an indicator of exercise tolerance.
As shown in Figure 2, in both the amount of change
and the rate of change (from before BPA to 6 months
after BPA), of the global ACR were significantly corre-
lated with 6-minute walk distance (r=—0.425, P<0.01 and
r=0.629, P<0.001, respectively). These results indicated
that RV-specific 3D-STE was useful for assessing the
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Figure 2. Correlation between changes in 6-minute walk distance and in global area change
ratio before to 6 months after balloon pulmonary angioplasty.

A, ASix-minute walk distance vs AGlobal area change ratio, (B) Percentage increase in 6-minute walk
distance vs percentage increase in global area change ratio. 6BMWD indicates 6-minute walk distance;

and ACR, area change ratio.
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hemodynamics and exercise tolerance in patients with
CTEPH.

RV Regional Wall Motion Abnormality

Next, we investigated RV regional wall motion abnor-
malities and their characteristics during BPA treatment.
Dividing the RV into inlet, outlet, and apical, the inlet
ACR was most strongly correlated with hemodynamics
(mMPAP and PVR) as with exercise tolerance (Tables 3
and 4). In addition, we identified unique characteristics,
whereby only the outlet ACR significantly improved im-
mediately after BPA to 6 months after BPA (P<0.05)
(Table 5), whereas the inlet ACR and the apical ACR
showed prompt improvements before BPA to imme-
diately after BPA, indicating that the recovery from the
pressure overload in the outlet area requires more time
than the other areas.

Furthermore, 6 months after BPA, troponin T val-
ues significantly correlated with the outlet ACR val-
ues (=0.470, P=0.01), but not with the inlet ACR or
apical ACR values (Table 6). When patients were di-
vided into 2 groups according to outlet ACR values
at 6 months after BPA (poor outlet ACR group: outlet
ACR > -18.7%, n=12, and the good outlet ACR group:
outlet ACR = —18.7%, n=17, respectively), the reduc-
tion rate of the RV volume (RV end diastolic volume
index and RV end systolic volume index) from immedi-
ately after BPA to 6 months after BPA was significantly
better in the good outlet ACR group (P<0.05, P<0.05,
respectively) (Figure 3). These results indicated that RV
outlet function might reflect myocardial damage in the
non-PH conditions after BPA treatment and was ob-
served to delay RV reverse remodeling in patients with
poor RV outlet function.

Reproducibility

Fifteen randomly selected patients were tested to de-
termine the reproducibility of ACR. Intra-observer and
inter-observer variability for global ACR were assessed

Table 4. Correlation to the Improvement Rate in 6-Minute
Walk Distance

Improvement Rate (%) r P Value
BNP -0.538 <0.01
RVFAC 0.018 0.93
RVGLS 0.403 <0.05
RVEF 0.471 <0.05
Global ACR -0.629 <0.001
Inlet ACR -0.700 <0.001
Outlet ACR -0.374 0.06
Apical ACR -0.378 0.08

ACR indicates area change ratio; BNP, brain natriuretic peptide; RVEF,
right ventricular ejection fraction; RVFAC, right ventricular fractional area
change; and RVGLS, right ventricular global longitudinal strain.

J Am Heart Assoc. 2020;9:e018096. DOI: 10.1161/JAHA.120.018096

RV Regional Dysfunction in PH

Table 5. Changes in ACR Values at Each Segment

A ACR (From Before BPA)

Immediately After

BPA 6 M After BPA P Value
Inlet _5.26(-9.34t0 -1.99) | -6.41 (-11.09t0 -1.20) | 0.273
ACR (%)

Outlet 276 (-6.47102.36) | -5.85(-8.40t0 -2.15) | <0.05
ACR (%)

Apical -5.27 (-7.93 10 -1.43) | -4.16(-8.30t0 -0.49) | 0.237
ACR (%)

Data are expressed as median (interquartile range). ACR indicates area
change ratio; and BPA, balloon pulmonary angioplasty.

by the Bland-Altman method (Figure 4). The interclass
correlation coefficients for inter-observer and intra-
observer reproducibility for global ACR were 0.94 and
0.94, respectively, which indicated that both were ac-
ceptable for our study.

DISCUSSION

In this study, we demonstrated that global ACR as-
sessed by RV-specific 3D STE (8D-RV Wall Motion
Tracking) was a good indicator of hemodynamics as
well as exercise tolerance in patients with CTEPH sub-
jected to BPA. In addition, to our knowledge, this is
the first report to show regional differences in RV func-
tional properties in patients with PH.

A previous report demonstrated that the decrease
in strain in the inlet area was more significant than
strain observed in the outflow area in patients with PH
compared with healthy subjects, suggesting the pre-
dominant role of inlet contraction in RV global perfor-
mance.'® Accordingly, our study showed that the inlet
area had the strongest and highest correlation with
hemodynamic variables (MPAP and PVR) as well as
with exercise tolerance, namely the inlet area could
respond most sensitively and quickly to changes in
hemodynamics.

Although the importance of regional abnormalities
in RV outflow area in patients with repaired tetralogy of
Fallot'"? or arrhythmogenic RV cardiomyopathy'® was
reported in previous studies, these regional changes
in patients with PH remain unclear. Interestingly, unlike
the inlet area, the outlet area demonstrated specific

Table 6. Correlation to the Troponin T Values at 6 Months
After BPA

ACR Values at 6 M After

BPA r P Value
Inlet ACR, % -0.042 0.83
Outlet ACR, % 0.470 0.01
Apical ACR, % 0.057 0.77

ACR indicates area change ratio; and BPA, balloon pulmonary angioplasty.
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— Poor outlet ACR group
— Good outlet ACR group
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Figure 3. Changes of right ventricular end diastolic volume
index and right ventricular end systolic volume index
immediately after to 6 months after balloon pulmonary
angioplasty.

All patients were divided into “Poor outlet area change ratio (ACR)
group” (outlet ACR > -18.7%, n=12) or “Good outlet ACR group”
(outlet ACR = -18.7%, n=17) according to the outlet ACR value
at 6 months after balloon pulmonary angioplasty. ACR indicates
area change ratio; BPA, balloon pulmonary angioplasty; RVEDVI,
right ventricular end diastolic volume index; and RVESVI, right
ventricular end systolic volume index.

characteristics during the course of treatment, which
delayed recovery and presented relatively poor cor-
relation with hemodynamics. These findings suggested
that the outlet function might largely reflect factors
other than changes in RV afterload. In terms of non-PH
conditions at 6 months after BPA, only the outlet ACR
values were highly correlated with troponin T values,
suggesting that outlet function might be an indicator of
myocardial damage of the right ventricle. Furthermore,
in association with higher myocardial damage, patients

RV Regional Dysfunction in PH

with poor outlet ACR values at 6 months after BPA
showed weaker reverse remodeling of the RV after
BPA. Taken together, these results indicated that out-
let function might represent a novel critical factor for
determining the treatment strategy of CTEPH. Patients
with poor outlet function after BPA may need to con-
sider treatment schemes including maintenance with
the drug treatment.

Current guidelines from the European Society of
Cardiology and the European Respiratory Society ad-
vocated the evaluation of right atrial area and pericardial
effusion assessed by echocardiography for risk stratifi-
cation in patients with PH.'*'> The fact that these guide-
lines do not include items related to RV function in the
risk stratification might reflect the difficulty of assessing
RV function accurately. Thus, 3D-echocardiography
would have theoretical advantages for accurate analy-
sis of the right ventricle, which has a complex and an
asymmetrical structure. Accumulating evidence has re-
vealed that 3D-echocardiography allows us to evaluate
the morphological and functional remodeling of the right
ventricle.'®'8 A recent study has demonstrated the use-
fulness of 3D-STE for quantitative measure of RV func-
tion in relationship to invasive hemodynamic variables'®
as well as clinical outcomes in patients with PH,'®' al-
though using STE software designed for the left ven-
tricle and applied to the right ventrilcle. The usefulness
of cardiac magnetic resonance imaging-measured 3D
strain has been reported in patients with CTEPH.2° Our
study, using RV-specific STE software, demonstrated
the usefulness of 3D-STE in evaluating hemodynamics
and exercise tolerance of patients with CTEPH.

In addition to previous reports describing a RV re-
gional dysfunction in the pressure-overloaded RV, such
as the McCornel Sign,??? recent advances in the 3D
approach for evaluating RV functional imaging have
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Figure 4.

Intra-observer and inter-observer variability assessed by Bland-Altman plots.

For global area change ratio measurements, the difference in each pair of measurements was plotted
against the pair’s mean. ACR indicates are change ratio.
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suggested that the RV deformed with afterload and that
local function affected global RV function.*"23 Principal
strain analysis, which provides comprehensive quantifi-
cation of RV deformation and characterizes alterations
occurring in PH, is also a new technique that enables
strain analysis and provides evidence of the deformed
right ventricle.®* These data suggest the importance of
detailed analysis of local function in the right ventricle.

There are some limitations in this study. First, the
sample size was relatively small and involved a sin-
gle-center retrospective investigation comprising pa-
tients with CTEPH. Although the results of our study
must need to be validated in larger populations, we re-
vealed the detailed characteristics presented by each
part of the right ventricle before and after BPA. Whether
our results could be applicable to other diseases with
PH or volume-overloaded conditions should also be
addressed. However, there have been previous reports
describing different patterns of adaptation of the right
ventricle, such as between PH and pulmonary steno-
sis?>26 as well as between pre-capillary and post-cap-
illary PH.'® Second, the 3D analysis largely depended
on the quality of the 2D echocardiographic images. In
our study of 44 patients with CTEPH, 10 cases could
not be used to construct appropriate 3D images be-
cause of poor image quality and were excluded, that
were comparable with the previous report.* Main rea-
sons for exclusions included unclear images of RV out-
flow area. Despite these limitations, the present study
demonstrated the usefulness of RV-specific 3D-STE for
the evaluation of global and regional RV function in pa-
tients with CTEPH.
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