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Abstract

The right ventricular stroke work index (RVSWI) reflects the active work of
the right ventricle (RV), but its clinical usefulness is not yet fully known in
pulmonary arterial hypertension (PAH) and chronic thromboembolic pul-
monary hypertension (CTEPH). We aimed to evaluate the correlation of
RVSWI to clinical parameters, the presence of comorbidities and response to
therapy. We performed a retrospective observational study of 54 patients
(PAH: N=30, CTEPH: N=24) and control patients (N=11), and collected
clinical data including RVSWI and comorbidities at baseline. We also com-
pared changes in the parameters of the four-strata mortality risk score at
follow-up (median time of 12 months) after the initiation of therapy between
patients with low- (<1450 mmHg*mL/m? N =18) and high-RVSWI values
(21450 mmHg*mL/m?, N=19). RVSWI at diagnosis was higher in PAH/
CTEPH compared to control subjects (1408 + 391 vs. 704 + 140 mmHg*mL/
m>, p <0.001, mean + standard deviation, t-test), but did not differ between
PAH and CTEPH patients (1406 +342 vs. 1409 +470 mmHg*mL/m>,
p = 0.98). Patients without comorbidities had higher RVSWI than those with
comorbidities (N=23: 1522+400 vs. N=31: 1323+ 384 mmHg*mL/m>,

Abbreviations: 6MWD, 6-min walk distance; BSA, body surface area; CI, cardiac index; CO, cardiac output; CTEPH, chronic thromboembolic
pulmonary hypertension; FC, functional class; GFR, glomerular filtration rate; GOT, glutamic-oxaloacetic transaminase; GPT, glutamic-pyruvic
transaminase; Hgb, hemoglobin; NA, not applicable; NS, nonsignificant; NT-proBNP, N-terminal pro-hormone of brain natriuretic peptide;
PAC, pulmonary arterial compliance; PaCO,, Arterial carbon dioxide pressure,; PAH, pulmonary arterial hypertension; PaO,, arterial oxygen pressure;
PAWP, pulmonary arterial wedge pressure; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; RA, right atrium; RAP, right atrial
pressure; RHC, right heart catheterization; RV, right ventricle; RVOT VTI, right ventricular outflow tract velocity-time integral; RVSWI, right ventricular
stroke work index; SPAPe, estimated systolic pulmonary arterial pressure by echocardiography; SV, stroke volume; SvO,, mixed venous oxygen
saturation; s/d/mPAP, systolic/mean/diastolic pulmonary arterial pressure by right heart catheterization; TAPSE, tricuspid annular plane systolic

excursion; Vmax, maximal velocity.
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p=0.04), which was
KEYWORDS
INTRODUCTION

Pulmonary hypertension (PH) is a debilitating disease,
but appropriate treatment may reduce the rate of pro-
gression in some forms." According to current guidelines,
specific therapy is available for pulmonary arterial
hypertension (PAH) and chronic thromboembolic
PH (CTEPH)." Although these options may slow disease
progression significantly, the actual response to therapy
shows great interindividual variability. Furthermore, the
relationship between right heart function and the pa-
tient's functional state is not linear. This is partly ex-
plained by the fact that the adaptation of the right heart
is quite complex during the disease course.”* In addition
to the severity and extent of vascular abnormalities, the
size of the right ventricle (RV), and the contractility of
the myocardium are also influenced. Comorbidities can
also alter the function of the myocardium or interfere
with RV/pulmonary artery (PA) coupling.’

The active work of the RV myocardium during a
contraction is described by the right ventricular stroke
work (RVSW), which characterizes the ability of the RV
to deliver blood volume (stroke volume, SV) into the
pulmonary circulation by generating mean pulmonary
arterial pressure (mPAP) against a given resistance of
pulmonary circulation.® The gold standard method to
determine this parameter is measuring the area of the
pressure-volume loop.” The stroke work can well be ex-
pressed as the product of the blood volume delivered
during systole (SV) and the pressure gradient. In this
connection, the pressure gradient can be determined
most precisely as the difference between the x1.25 mean
RV pressure or - in the absence of pulmonary stenosis—
mPAP and the right atrial mean pressure (RAP as RV
end-diastolic pressure equivalent).® Instead, RVSW index
(RVSWI) may be calculated from these hemodynamic
parameters (RVSWI = (1.25x mPAP-RAP) x SV index).*®

also found in PAH (p<0.001), but not in

CTEPH (p=0.37). A greater improvement in the four-strata mortality risk
score (p<0.05) and a trend for a larger reduction in N-terminal proB-type
natriuretic peptide concentration (p = 0.06) were observed in the high-RVSWI
subgroup than in the low-RVSWI patients at follow-up. In PAH and CTEPH,
RVSWI provides additional information on RV function in comorbidities, and
it may predict response to specific therapy. Regular monitoring of RVSWI may
aid in optimizing therapy selection and timing.

chronic thromboembolic pulmonary hypertension, mortality risk, pulmonary arterial
hypertension, right ventricular stroke work index

However, the clinical usefulness of RVSWI has remained
uncertain in the routine clinical management of pre-
capillary PH.

In the present study, we aimed to determine RVSWI
in different PH groups compared to controls. Addition-
ally, we aimed to assess the correlation of RVSWI with
other echocardiographic and clinical parameters, the
presence of comorbidities and response to therapy.

METHODS
Study design

We performed a retrospective observational study of pa-
tients undergoing right heart catheterization (RHC) due
to suspected PH. Eligible patients were divided into
diagnostic groups based on hemodynamic measure-
ments: PAH, CTEPH, other or normal hemodynamic
group. Patients from the PAH, CTEPH, and the normal
hemodynamic (control) group were enrolled in the study
after obtaining written informed consent. After enroll-
ment, we collected baseline clinical data of echo-
cardiography, pulmonary function test, 6-min walking
test, arterial blood gas analysis and laboratory tests from
our electronic database. Furthermore, we collected
follow-up data from patients in the PAH and
CTEPH groups from a re-evaluation at 12 (median:12;
range: 3—17) months after the baseline assessment.

We compared baseline RVSWI in the PAH, CTEPH,
and control groups and analyzed the correlation of
baseline RVSWI to clinical parameters. We created sub-
groups based on the presence of comorbidities
(comorbidities vs. no comorbidities), coupling and un-
coupling in the total PH group, and mortality risk ac-
cording to the four strata model (low, intermediate-low,
intermediate-high, high mortality risk), and baseline
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RVSWI values (low vs. high RVSWI) for further com-
parisons in follow-up patients. The study was conducted
according to the guidelines of the Declaration of Helsinki
and approved by the Institutional Ethics Committee of
Semmelweis University, Budapest, Hungary (protocol
code 84/2023).

Study patients

Patients undergoing (RHC) due to suspected PH at the
Cardiopulmonary Unit (Department of Pulmonology,
Semmelweis University Clinical Center) between Janu-
ary 2020 and August 2023 were eligible for the study.

Suspected PH was defined as increased maximal velocity
of tricuspid regurgitation (Vmax > 3.4m/s) or moderately
elevated maximal velocity (2.9 m/s < Vmax < 3.4 m/s) with
other signs of right heart dysfunction (RV > 32 mm, D sign,
and tricuspid annular plane systolic excursion [TAPSE] <
18 mm) on echocardiography.

Precapillary PH was defined as mPAP > 20 mmHg,
pulmonary arterial wedge pressure (PAWP) <15 mmHg,
and PVR > 2 WU. PAH was diagnosed after the exclusion
of other possible causes."! CTEPH was defined as pre-
capillary PH with thromboembolic origin based on
imaging (chest CT scan and lung perfusion scan). Pa-
tients with normal hemodynamic parameters were
defined as “normal” (serving as the control group). Pa-
tients with abnormal hemodynamic parameters, not
fulfilling PAH or CTEPH criteria (postcapillary PH based
on PAWP = 15mmHg, or precapillary PH due to lung
disease and/or hypoxia, or PH with unclear or multi-
factorial mechanism based on clinical data, lung function
test, and chest CT scan) were defined as “other” and
excluded from the study. In the case of PAH, we eval-
uated the proportion of specific subsets, and in the
CTEPH group, with the involvement of a radiologist ex-
pert, we evaluated the extent of thromboembolism and
the involvement of the pulmonary branches of the
proximal and distal arteries based on the guideline
criteria.!

Data collection
General data

We collected demographic data (age, body surface area,
and sex), results from RHC, echocardiography, and lab-
oratory examinations (see below in detail), 6-min walk
distance (6MWD), and functional classes were also
recorded. In addition, mortality risk was evaluated based
on the four-strata model at baseline and follow-up.®’

Pulmonary Circulation

Open Access

Assessment of comorbidities

The presence of specific comorbidities that are often
linked with left heart disease, especially heart failure
with preserved ejection fraction, that is, arterial hyper-
tension, diabetes mellitus, coronary heart disease, and
obesity (defined by a body mass index > 30 kg/m?) were
recorded according to Rosenkranz et al.” These co-
morbidities had been diagnosed before the diagnostic
workup due to suspected PH.

RHC

RHC was performed with Corodyn 7F catheters (B
Braun SE) under standard conditions.! We measured
right atrial pressure (RAP), RV pressure, pulmonary
arterial pressure (PAP), and PAWP. Cardiac output (CO)
was determined by the thermodilution method, while
mixed venous oxygen saturation (SvO,) was measured
from a PA blood sample by a blood gas analyzer (Roche
Cobas b 221). In idiopathic PAH, the vasoreactivity test
was performed with intravenous iloprost, according to
the international guideline.! Further parameters were
calculated including cardiac index (CI=CO/body sur-
face area), stroke volume (SV = CO/heart rate), SV index
(SVI=SV/body surface area), pulmonary vascular
resistance (PVR = (mPAP-PAWP)/CO) and pulmonary
arterial compliance (PAC = SV/[systolic PAP—diastolic
PAP]).1 In addition, the right ventricular stroke work
(RVSWI) index was determined according to Chemla
et al. (RVSWI = [1.25 x mPAP—RAP] x SVI).°

Echocardiography

Echocardiography was performed with the Mindray DC-70
X-Insight instrument (Shenzhen Mindray Bio-Medical Elec-
tronics Co.). We evaluated the right ventricular outflow tract
velocity-tome integral (RVOT VTI) using the pulsatile
doppler curve in the parasternal short axis view. From the
apical 4-chamber view, we measured the right atrial area.
TAPSE was acquired by placing an M-mode cursor through
the tricuspid lateral annulus and measuring the amount of
maximal longitudinal motion of the annulus. We calculated
the right atrial-ventricular pressure gradient from the peak
velocity of TR tracings. We estimated the systolic pulmonary
pressure (SPAPe) by adding the right atrial pressure to the
pressure gradient according to the ASE recommendation
based on the size and the change of the inferior vena cava
during respiration.””'® Right ventricular-pulmonary arterial
coupling was determined from echocardiographic parame-
ters as a ratio of TAPSE/SPAPe. The cut-off value of 0.32
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separates the normal coupling group (TAPSE/SPAPe > 0.32)
from the uncoupling group (TAPSE/SPAPe <0.32).'"'

Blood tests

Venous and arterial sampling was performed according
to clinical standards. Serum N-terimal pro-B-type natri-
uretic peptide (NT-proBNP) concentration, laboratory
indices of the liver (glutamic-oxaloacetic transaminase,
glutamic-pyruvic transaminase, gamma-glutamyl trans-
ferase), the kidney (glomerular filtration rate), and blood
count were measured in the Central Laboratory of the
Clinical Center. Arterial blood gas values and mixed
venous oxygen saturation were determined with a blood
gas analyzer (Roche Cobas b 221).

6-min walk test

6MWT was performed—based on international stan-
dards and the recommendations of the PH guideline—
along a 20-m-long corridor, with continuous monitoring
of oxygen saturation and heart rate in addition to blood
pressure measurement and evaluation of the Borg 0—10
dyspnea scale before and after the test."?

Statistical analysis

Results are expressed as mean and standard deviation (SD).
The normality of data was determined using the Shapiro-
Wilk test and homogeneity of variances was assessed using

the Levene test. Groups and subgroups were compared with
the Student t-test, the Mann—Whitney U-test, analysis of
variance or the one-way Kruskal-Wallis test with Bonfer-
roni correction. Paired nominal data were assessed using a
contingency table and Pearson chi-square test. The Spear-
man method was used to assess correlations. Missing data
were not used in the calculations. We performed a two-sided
analysis with significance level set at a«=0.05 (SPSS 28.0
IBM SPSS Statistics). Follow-up time was calculated ac-
cording to Schemper and Smith.'*

RESULTS
Patient characteristics

One hundred seventeen patients were screened for the study
and 65 were enrolled (Figure 1.). Out of the enrolled pa-
tients, 30 had PAH (idiopathic: N = 20, associated with portal
hypertension: N=2, drug-induced: N=1, associated with
congenital heart disease: N =15, associated with connective
tissue disease: N = 2), 24 had CTEPH (proximal obstruction:
N =11, distal obstruction: N=13), and 11 were ascribed to
the control group. The median time between diagnosis and
the end of clinical observation was 12 months (min—max:
3—17 months). PAH and CTEPH patients had higher
hemoglobin and NT-proBNP values compared to control
patients (p < 0.05) (Table 1). SvO, was markedly higher in
the PAH group than in CTEPH (Table 2). We did not find
vasoreactivity in any PAH patients. RVSWI was higher in
both PAH and CTEPH patients compared to the control
group, but RVSWI showed no difference between the PAH
and CTEPH groups (Table 2).

l 117 patients suspected of PH l

Non-PH, n=11

RHC

PH associated with left heart disease
IpcPH n=2; CpcPH, n=7

| Precapillary PH, n=97 |

PH associated with lung disease and/or
hypoxia, n=43

| PAH+CTE

PH, n=54 |

A

I Followed-up PH, n=37 I

FIGURE 1

Patient selection algorithm. CpcPH, combined post- and precapillary pulmonary hypertension; CTEPH, chronic

thromboembolic pulmonary hypertension; IpcPH, isolated postcapillary pulmonary hypertension; PAH, pulmonary arterial hypertension;

PH, pulmonary hypertension.



PULMONARY CIRCULATION

TABLE 1 Patient characteristics.

Variables ControlN =11 PAH + CTEPHN =54
Male % 18% 40%

Age, years 60+ 11 59+13
BSA, kg/m? 1.9+04 1.9+0.2
6MWD, m 322 +181 311 +189
Echocardiographic parameters

SPAPe, mmHg 39+13 66 +20.2
RV diameter, mm 30.6+3.8 40.6 + 8.6
RA area, cm’ 19.4+4.7 25.5+8.1
TAPSE, mm 23.6+4.2 18.6+5.8
RVOT VTI, cm 13.4+2.8 12.7+54
Laboratory tests

NT-proBNP, pg/ml 323 +117 2344 + 2959
GFR, ml/min 84 +14 72 +19
Hgb, g/L 128 +16 152+19
GOT, U/L 32+20 27+13
GPT, U/L 26 +17 27 £25

Art. pH 7.43 +0.02 7.41 + 0.04
PaO,, mmHg 64 +12 62+ 15
PaCO,, mmHg 35+5 35+7

Pulmonary Circulation Sofl

p Value PAHN=30 CTEPHN=24  p Value
p<0.05 27% 50% p<0.05
0.47 63+13 58 +10 0.10
0.49 1.8+0.2 20402 P <0.05
0.36 295 +171 360 + 184 0.09
p<000l  65+168 68.5+23.5 0.14
p<0001  40.6+8.6 404 +84 0.35
p<0.05 254484 257473 0.31
p<0.05 19.1+ 6.4 18.1+4.7 0.56
0.09 14.0+6.2 11.4+3.6 0.14
p<0.05 2335+£3401 2354 +2312 0.48
0.07 71+19 73+19 0.43
p<0.05 151 + 20 152417 0.33
0.14 28410 27+15 0.11
0.4 27419 27+31 0.47
0.14 7.41 +0.03 7.41 +0.04 0.31

0.5 63+ 16 62+13 0.48
0.44 3546 3547 0.37

Note: Data are presented as mean + standard deviation. Control versus Total PH and PAH versus CTEPH groups were compared with T test.

Abbreviations: Art. PCO2, Arterial carbon dioxide pressure; Art. PO2, arterial oxygen pressure; BSA, body surface area; CTEPH, chronic thromboembolic

pulmonary hypertension; GFR, glomerular filtration rate; GOT, glutamic-oxaloacetic transaminase; GPT, glutamic-pyruvic transaminase; Hgb, hemoglobin;
NA, not applicable; NS, nonsignificant; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; PAH, pulmonary arterial hypertension; RA, right
atrium; RV, right ventricle; RVOT VTI, right ventricular outflow tract velocity-time integral; SPAPe, estimated pulmonary arterial systolic pressure; TAPSE,

tricuspid annular plane systolic excursion; 6MWD, 6-min walk distance.

Association of RVSWI with clinical
parameters, comorbidities and mortality
risk-score at diagnosis

We found no correlation between RVSWI and hemo-
dynamic (PVR, PAC, and SvO,), echocardiographic (TAPSE,
RV diameter, right atrial area, RVOT VTI, and eccentricity
index), and other clinical parameters (age, NT-proBNP, FC,
and 6MWD) at baseline in all patients with PH or in the
subgroup of CTEPH (p > 0.05 for all parameters, data not
shown). However, in patients with PAH, RVSWI was related
to the eccentricity index (r=0.48, p=0.01). Furthermore,
RVSWI showed no difference in patients with coupling and
uncoupling (coupling: 1386 + 426 mmHg*mL/m> N =19 vs.
uncoupling: 1421 + 389 mmHg*mL/m2, N =35, p=0.76).
‘We examined the association between RVSWI and the
presence of comorbidities that potentially modify cardio-
myocyte function. Thirty-one patients (CTEPH N=14,
PAH =17) had at least one comorbid condition at the time

of PH diagnosis, all were well-controlled with adequate
treatment (1 comorbidity: N = 15, 2—4 comorbidities N = 16,
Table 3). Comorbidities included systemic hypertension
(N =26), diabetes mellitus (N = 10), coronary heart disease
(N=7), and obesity (N=28). Patients with comorbidities
were older and had less severe PH (characterized by lower
values for mPAP, PVR and higher CI) than patients without
comorbidities. However, RAP and PAWP were higher in the
comorbid group than in patients without accompanying
diseases. Of note, RVSWI was decreased in comorbid pa-
tients compared to patients with no comorbidities
(1323 + 384 vs. 1522 +400, mmHg*mL/m®, p = 0.04). Fur-
thermore, patients with PAH and a comorbidity (N=17)
had lower RVSWI than PAH patients without comorbidities
(N=13, p=0.001), as shown in Figure 2, but no difference
was noted between comorbid and non-comorbid patients
with CTEPH (p = 0.37).

At diagnosis 10, 12, 19, and 13 patients were
grouped into having a low, intermediate-low,
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TABLE 2 Parameters of right heart catheterization at baseline.

Variables

sPAP, mmHg
dPAP, mmHg
mPAP, mmHg
RAP, mmHg
PAWP, mmHg
CI, L/min/m?
PVR, WU

PAC, mL/mmHg
RVSWI, mmHg*mL/m*
SvO,, %

Pulmonary Circulation

CSOSZA Et AL.

Open Access

Control PAH + CTEPH
27.3+6.9 69.7+19.3
9.4+3.8 28.8+94
16.3+2.6 43.9+11.6
1.7+3.8 7.8 +4.7
5.6 +3.7 9.5+3.7
2.8+0.6 2.4+0.6
22+0.8 8.3+4.1
5.8+4.8 1.7+0.9
704 + 140 1408 + 391

739 42 5.5 67+ 10

p Value
<0.001
<0.001
<0.001
<0.001
<0.05
<0.05
<0.001
<0.001
<0.001
<0.05

PAH

68.2 +20.2

28.5+9.6

43.1+12.3
7.2+43
9.0+3.8
2.5+£0.5
8.2+4.2
1.7+0.9

1406 + 342

69.2 +10.1

CTEPH
71.5+£17.3
29.2+9.1
44.8 +10.4
8.5+4.9
10.1+3.4
2.4+0.7
8.4+34
1.8+1.2
1409 + 470
64+9.1

p Value
0.13
0.15
0.12
0.16
0.27
0.27
0.39
0.43
0.98

<0.05

Note: Data are presented as mean + standard deviation. Control versus Total PH and PAH versus CTEPH groups were compared with T-test.

Abbreviations: CI, cardiac index; CTEPH, chronic thromboembolic PH; PAC, pulmonary arterial compliance; PAH, pulmonary arterial hypertension; PAWP,
pulmonary arterial wedge pressure; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; RAP, right atrial pressure; RVSWI, right ventricular

stroke work index; s/d/mPAP, systolic/mean/diastolic pulmonary artery pressure; SVO,, mixed venous oxygen saturation.

TABLE 3 Subgroup analysis based on the presence of comorbidities at diagnosis.

Variables
Age, years
6MWD, m

NT-proBNP, pg/mL

PH with
comorbiditiesN = 31

62+11
284 +196
2418 + 3613

Hemodynamic parameters at diagnosis

SPAP, mmHg
dPAP, mmHg
mPAP, mmHg
RAP, mmHg
PAWP, mmHg
CI, L/min/m?
PVR, Wood Unit
PAC, mL/mmHg
SVO, %

RVSWI

64.8 £18
27.5+9.4
41.1+11.3
89+4.6
104 £3.2
2.6+0.6
6.7+3.5
20+1.1
68 +11
1323 + 378

Echocardiographic parameters at diagnosis

TAPSE, mm
RV diameter, mm
RA area, cm?

RVOT VTI, cm

19.4+6.2
40.1+38.5
25.8+8.2
13.8 +£5.8

PH without

comorbiditiesN =23

55+14
367 + 146
2249 +1693

76.2 +18.6
30.6 +£9.1
47.6 +10.7
6.3+43
83+39
22+05
10.3+3.9
1.4+0.7
65+38
1513 + 391

17.6 £ 4.6
41.2+8.6
25.1+7.5

11.0+3.7

p Value

<0.05
0.13
0.84

<0.05

0.23
<0.05
<0.05
<0.05
<0.05
<0.05

0.13

0.26
<0.05

0.24
0.66
0.76
0.08

Note: Data are presented as mean + standard deviation. PH with and without comorbidities groups were compared with T-Test.

Abbreviations: CI, cardiac index; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; PAC, pulmonary arterial compliance; PVR, pulmonary
vascular resistance; RA, right atrium; RAP, right atrial pressure; RV, right ventricular; RVOT VTI, right ventricular velocity time integral; RVSWI, right
ventricular stroke work index; s/d/mPAP, systolic/mean/diastolic pulmonary artery pressure; SVO,, mixed venous oxygen saturation; TAPSE, tricuspid
annular plane systolic excursion; 6MWD, 6-min walk distance.
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FIGURE 2 RVSWI at diagnosis between patients with and without comorbidities. Mean with standard deviation is shown, groups are
compared with unpaired t-test. *p < 0.05, ***p < 0.001. CTEPH, chronic thromboembolic pulmonary hypertension; PAH, pulmonary arterial

hypertension; RVSWI, right ventricular stroke work index.

intermediate-high, and high mortality risk, respec-
tively. RVSWI did not differ in groups with different
mortality risk (low: 1368 + 382 vs. intermediate-low:
1352 +408 vs. intermediate-high:1529 +416 vs.
high:1311 + 382 mmHg*mL/m?; p = 0.82).

Baseline RVSWI and parameters at clinical
follow-up

Out of the PAH and CTEPH groups, a total of 37 patients
completed clinical visits with follow-up measurements
within 12 months after the initiation of adequate thera-
pies or following surgical interventions. Pharmacological
therapies are shown in Table 4. Out of the CTEPH pa-
tients, one underwent balloon pulmonary angioplasty
and one patient had pulmonary endarterectomy before
the follow-up visit. The other 17 patients from the study
population either did not receive pulmonary vasodilator
therapy because of early disease stage (N =15, mPAP:
21-24 mmHg), or they had inadequate compliance to
treatment (N = 5) or have been receiving specific therapy
for less than 6 months (N=7), so their control ex-
aminations were still not available at the end of the
observation period.

Patients were divided by the median RVSWI value
(1450 mmHg*mL/m?) at diagnosis (Table 4). More severe
PH with increased PAP, but increased CI were found in
the high-RVSWI (21450 mmHg*mL/m?) than in the low-
RVSWI subgroup (<1450 mmHg*mL/m?). We analyzed
the change in mortality risk score after short-term follow-
up (median: 12; range 3—17 months). The improvement
in the risk score was higher in the high-RVSWI group

than in the low-RVSWI group, and we noted a trend for a
higher improvement in NT-proBNP in the high-RVSWI
patients (Table 4).

DISCUSSION

The assessment of global right ventricular function is via
the construction of pressure-volume loops, a method
cumbersome in clinical use. Here, we studied the clinical
application of RVSWI, a calculated parameter of active
work of the RV during contraction. RVSWI was
increased in patients with PAH or CTEPH, but no dif-
ference was found between the PH groups. In PAH, a
decreased RVSWI was associated with the presence of
comorbidities impairing myocardial function. Interest-
ingly, patients with RVSWI 21450 mmHg*mL/m>
showed a greater reduction in mortality risk 1 year after
specific treatment.

In recent years, advancement in the management of
PH has resulted in improved overall outcomes. Upfront
combined treatment regimens'® and the use of a risk
assessment tool' are effective, but currently, there are
limited data on which baseline parameters can best
predict therapeutic response. RVSWI is a calculated
hemodynamic parameter that measures active RV
work.”'® We used a formula which takes into account
both the steady and pulsatile components of RVSW. It
not only characterizes the active work of the RV myo-
cardium but also provides additional information on RV
adaptation superior to the volumetric and functional
parameters of imaging studies. Because of its complex
ability to reflect the dysfunction of the RV, the RVSWI
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TABLE 4 Follow-up data of based in the subgroups based on
baseline RVSWI values.

Low-RVSWI High-RVSWI
Variables group N=18 group N=19 p Value
Baseline mortality risk stratification parameters
PAH/CTEPH, N 10/8 11/8 1.00
6MWD, m 304 + 205 3314150 0.83
FC 2.8+0.7 2.8+0.5 0.79
NT- 2882 + 2806 2426 + 3579 0.78
proBNP, ng/mL
Mortality risk 2.6+0.9 2.8+0.5 0.79
score
Baseline hemodynamic parameters
sPAP, mmHg 69.6 +14.8 82.6 +14.5 <0.001
dPAP, mmHg 27.6 +7.0 352+8.3 <0.001
mPAP, mmHg 43.2+8.4 52.2+8.9 <0.001
RAP, mmHg 7.2+3.6 8.0+5.3 0.68
PAWP, mmHg 7.8+3.0 10.1+3.6 0.06
CI, L/min/m? 21+04 2.5+05 <0.05
PVR, Wood Unit 10.2+3.8 9.3+3.8 0.69
PAC, mL/mmHg 1.3+0.8 1.6 +£0.9 0.23
SvO, % 62.6 +9.5 66.2+ 7.1 0.30

Baseline echocardiographic parameters

SPAPe, mmHg 70.6 +16.7 74.1 +21.3 0.38
TAPSE, mm 17.2+5.9 17.6 +4.9 0.82
RV diameter, mm 37.5+8.7 43.1+8.8 0.06
RA area, cm? 232+7.5 27.9+8.5 0.08
RVOT VTI, cm 11.8 +6.2 12.7+3.2 0.69

Short-term follow-up data using the COMPERA 2.0 stratification
parameters

Therapy at follow-up

PDE5i, N 5 10 NA
ERA, N 2 0 NA
PDE5i + ERA,N 4 4 NA
sGC stimulator, N 3 3 NA
PGI,, N 1 0 NA
PDE5i+PGL, N 1 0 NA
PDE5i + 1 1 NA
ERA + PGL,, N

Change in outcomes compared to baseline

Amortality risk 0.0+1.0 —0.7+0.6 <0.05
score

A6MWD, m 32+196 29 +132 0.94

TABLE 4 (Continued)

Low-RVSWI  High-RVSWI
Variables group N=18 group N=19 p Value
ANT- 56 + 2010 —1280 + 2103 0.06
proBNP, pg/mL
AFC 0.6 +0.6 —0.7+0.5 0.84

Note: Data are presented as mean + standard deviation. Groups were
compared with unpaired t-test or Mann—Whitney test.

Abbreviations: CI, cardiac index; ERA, endothelin receptor antagonist; FC,
‘WHO functional class; NA, not applicable; NT-proBNP, N-terminal
prohormone of brain natriuretic peptide; PAC, pulmonary arterial
compliance; PDES5i, phophodiesterase-5 inhibitor; PGI?, prostacyclin; PVR,
pulmonary vascular resistance; RA, right atrium; RAP, right atrial pressure;
RV, right ventricle; RVSWI, right ventricular stroke work index; RVOT VTI,
right ventricular velocity time integral; s/d/mPAP, systolic/mean/diastolic
pulmonary artery pressure; sGC, soluble guanylate cyclase; SPAPe,
estimated pulmonary arterial systolic pressure; SvO,, mixed venous oxygen
saturation; TAPSE, tricuspid annular plane systolic excursion; 6MWD,
6-min walk distance.

has been proposed as a promising prognostic marker in
PH patients, however, its ability to predict response to
therapy has not been evaluated.

Previous studies have found that lower RVSWI was
associated with decreased survival in patients with
PH associated with connective tissue disease,'” familial and
idiopathic PAH." These studies have examined homoge-
nous groups and proposed that baseline RVSWI might both
be associated with etiology and could predict outcome. In
our study, RVSWI was higher in PAH and CTEPH patients
compared to the control subjects, on par with previous
findings.”'® However, we found no difference in RVSWI in
PAH and CTEPH groups. This might be explained by the
diverse composition of our study group. Further studies on
homogenous PH groups might aid in better understanding
the value of RVSWI at diagnosis.

Progression in PH is difficult to predict, and several
factors can adversely affect RV function, such as
advanced age and certain comorbidities. Comorbidities,
particularly the ones that impair the physiological pro-
cesses of the myocardium due to hypoxia or metabolic
disorders, have mainly been investigated in regard to LV
function.”® In PAH, it has been reported that diabetes has
a negative effect on RVSW.?! In our cohort, the presence
of co-morbidities (coronary heart disease, hypertension,
diabetes, obesity)S is associated with older age and less
severe PH based on mPAP, PVR and CI values. The
decreased afterload can explain the low RVSWI values in
comorbid patients. Interestingly, the difference in RV
function confirmed by RVSWI is not reflected by routine
echocardiographic parameters showing similarly reduced
RV function in patients with and without comorbidities.
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It is also noteworthy that the difference in the study
population only appears in the PAH group, while not in
CTEPH. It is assumed that the change in RV work results
from complex mechanisms. In addition to the degree of
afterload and co-morbidities affecting the functioning of
the myocardium, differences in the extent of the
obstruction in CTEPH and the propagation of the pulse
wave also play a role in RVSW (Figure 2). Therefore, in
mainly PAH, the RVSWI provides additional information
about the state of the RV in addition to routine echo-
cardiographic parameters, which may impact therapy
management and the course of the disease.

Another important aspect of progression in PH is the
biphasic nature of RV contractility and its systolic func-
tional reserve. In the early stage of the disease, systolic
functional reserve and contractility increase in parallel
with the increasing pressure load. At a later stage, when
the systolic reserve is exhausted, further progression and
an increase in the afterload result in decreasing systolic
function.”” When examining baseline RVSWI, we found
no correlation to other echocardiographic, hemo-
dynamic, or clinical parameters, or the presence of cou-
pling. This could be explained by the previously
described biphasic change, where a peak in RVSWI may
be assumed during the RV-PA uncoupling. This could
explain the lack of correlation between RVSWI and other
parameters that mainly change linearly during the pro-
gression of PH.

The prognostic value of RVSWI in PH is well known.
According to a previous study of adult precapillary
PH patients, higher RVSWI was associated with better
outcomes, lower heart failure death rates, and hospital-
ization.'® In another study of pediatric PAH patients,
RVSW was related to functional capacity and mortality.**
The short follow-up period in our study did not permit a
detailed analysis of outcomes including transplant-free
survival or death in our cohort; however, we did calcu-
late mortality risk according to current recommenda-
tions.! Although the guideline primarily uses risk deter-
mination in the context of PAH, several publications
have used the same strategy in CTEPH patients.** 2°
Based on our data, RVSWI did not correlate with the
calculated mortality risk. This seemingly contradictory
finding could also be explained by the previously men-
tioned probable biphasic course of RVSW progression.

As an interesting finding, our follow-up analysis
revealed that patients with higher baseline RVSWI re-
sponded better to specific therapy and the decrease in
mortality risk was greater. This was accompanied by a
greater improvement in functional capacity, as noted by
higher 6MWD values. This phenomenon points to the
possible role of RVSWI in guiding the selection and
timing of specific therapy in PH.

Open Access

Our study has several limitations. The retrospective
nature, the low patient number, and the short follow-up
time of the study do not permit clear conclusions re-
garding the role of RVSWI in predicting therapy response
in PH. However, the composition of our study group
reflects the real-world practice in managing an orphan
disease with complex etiology. Multi-center, prospective
studies with large patient numbers are needed to verify
the predictive value of RVSWI in PH.

In conclusion, RVSWI can provide additional infor-
mation about the active work of the RV in patients with
PAH and CTEPH. Our results show that RVSWI may
predict response to short-term specific therapy in this
patient group. Regular monitoring of RVSWI during the
course of the disease may aid in optimizing therapy
selection and timing.
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