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Abstract
Which combination of clinical parameters improves the prediction of prognosis in patients with pulmonary arterial hyper-
tension (PAH) remains unclear. We examined whether combined assessment of pulmonary vascular resistance and right 
ventricular function by echocardiography is useful for classifying risks in PAH. In 41 consecutive patients with PAH (mean 
age of 48.9 ± 17.3 years, 31 females), a 6-min walk test, pulmonary function test, and echocardiography were performed 
at baseline and during PAH-specific therapies. The study endpoint was defined as a composite of cardiovascular death and 
hospitalization for PAH and/or right ventricular failure. During a follow-up period of 9.2 ± 8.7 months, 18 patients reached the 
endpoint. Multivariate regression analysis showed that the ratio of tricuspid regurgitation pressure gradient to the time–veloc-
ity integral of the right ventricular outflow tract (TRPG/TVI) and tricuspid annular plane systolic excursion (TAPSE) during 
PAH-specific treatment were independent prognostic predictors of the endpoint. Using cutoff values indicated by receiver 
operating characteristic analysis, the patients were divided into four subsets. Multivariate analyses by Cox’s proportional 
hazards model adjusted for age, sex and body mass index indicated that subset 4 (TRPG/TVI ≥ 3.89 and TAPSE ≤ 18.9 mm) 
had a significantly higher event risk than did subset 1 (TRPG/TVI < 3.89 and TAPSE > 18.9 mm): HR = 25.49, 95% CI 
4.70–476.97, p < 0.0001. Combined assessment of TRPG/TVI and TAPSE during adequate PAH-specific therapies enables 
classification of risks for death and/or progressive right heart failure in PAH.

Keywords  Pulmonary arterial hypertension · Tricuspid regurgitation pressure gradient · Time–velocity integral · Tricuspid 
annular plane systolic excursion

Introduction

While specific therapies for pulmonary arterial hyperten-
sion (PAH) have been considerably improved in the past 
decade [1], prognosis of PAH still remains dismal and dif-
ficult to predict. It is becoming clear that no single param-
eter can fulfill the role of a reliable prognostic indicator 
in PAH [2]. Although risk score calculators by composite 
predictive parameters have been proposed on the basis of 
results of large-scale registry studies [3], the prognostic 
equations have not been sufficiently validated as clinically 
relevant predictors that are associated with long-term out-
come. Echocardiography is routinely used for screening and 
diagnosis of PAH, with systolic pulmonary arterial pressure 
being estimated from the peak tricuspid regurgitation pres-
sure gradient (TRPG) and right atrial pressure [4]. However, 
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correlations between hemodynamic data estimated by TRPG 
and those measured by right heart catheterization (RHC) 
are not strong [5], and thus the utility of TRPG in definitive 
diagnosis and follow-up of patients with PAH is limited [6].

The right ventricle (RV) initially compensates for an 
increase in pulmonary vascular resistance (PVR) through 
adaptive hypertrophy and remodeling. However, RV dys-
function eventually occurs when RV pressure overload is 
sustained for a prolonged period, though there is a signifi-
cant variability in RV adaptation to chronic pressure over-
load [7]. In light of the natural history of PAH, an approach 
to a better classification of event risks in PAH is combined 
assessment of PVR and functional reserve in the RV. We 
hypothesized that the hemodynamic status of PAH could 
be classified into four subsets with different event risks, like 
subsets in the Forrester classification of acute heart failure, 
if we could find appropriate cutoff values of indices of PVR 
and RV function. Lately, it has been reported that the ratio 
of TRPG to the time-velocity integral of the right ventricular 
outflow tract (TVI) correlates well with PVR and is a pos-
sible surrogate marker of long-term outcome [8]. Tricus-
pid annular plane systolic excursion (TAPSE) is a simple 
and reproducible parameter of RV systolic function and has 
been recognized to have important prognostic implications 
for PAH patients [9, 10]. Hence, in this study, we exam-
ined whether serial assessment of RV function and PVR by 
echocardiographic methods is useful for characterization of 
cardiopulmonary hemodynamic status and for risk classifi-
cation in PAH patients who undergo adequate PAH-specific 
therapies.

Methods

The present study was approved by the institutional review 
board of Sapporo Medical University Hospital (approval 
number, 292-7) and conducted in accordance with the World 
Medical Association Declaration of Helsinki.

Patient population

Of patients referred to Sapporo Medical University Hospital 
between November 2009 and December 2017 for evalua-
tion of suspected pulmonary hypertension, 124 patients were 
diagnosed as PAH based on RHC data for mean pulmonary 
arterial pressure ≥ 25 mmHg and pulmonary artery wedge 
pressure (PAWP) ≤ 15 mmHg at rest and were enrolled in 
this study. We excluded 83 patients based on exclusion 
criteria: (1) congenital systemic-to-pulmonary shunts, (2) 
the presence of other causes of pre-capillary pulmonary 
hypertension such as pulmonary hypertension due to lung 
diseases, chronic thromboembolic pulmonary hyperten-
sion or other rare diseases, (3) post-capillary pulmonary 

hypertension defined as mean pulmonary arterial pres-
sure ≥ 25 mmHg at rest and PAWP > 15 mmHg and (4) 
poor acoustic window in echocardiographic examination. 
The rationale for exclusion of post-capillary pulmonary 
hypertension was possible overestimation of PVR by TRPG/
TVI because of increased TRPG being attributable to high 
PAWP rather than high transpulmonary pressure gradient. 
After the exclusion, 41 patients with PAH (mean age of 
48.9 ± 17.3 years, 31 females) contributed to the present 
analyses (Fig. 1).

All of the patients underwent baseline laboratory blood 
tests (routine hematology, serum biochemistry, and bio-
markers) and echocardiography. A 6-min walk distance 
test (6MWT) was performed in 31 patients with tolerable 
exercise capacity. Diffusing capacity for carbon monoxide 
(DLCO) was measured in 30 patients available for a pul-
monary function test. Data for blood parameters, 6MWT, 
%DLCO, and echocardiographic parameters were collected 
again at a stable clinical condition under a sufficient period 
of PAH-specific treatment (under-Tx measurements). A tim-
ing of under-Tx measurements was defined as the time point 
when regular outpatient treatment with optimal dose adjust-
ment was achieved after a sufficient period of specific PAH-
targeted treatments, including upfront/sequential triple com-
bination therapies and epoprostenol infusion (Table 2). The 
optimal dose adjustment was based on clinical symptoms 
consistent with clinical deterioration or the occurrence of 
adverse events, exercise capacity and hemodynamic meas-
urements in accordance with 2015 ESC/ERS Guidelines for 
the diagnosis and treatment of pulmonary hypertension [2]. 
After collection of data for under-Tx measurements, all 41 
patients were further followed on a regular basis by outpa-
tients’ visits (Fig. 1). The mean follow-up period for evalu-
ation of the prognostic factors after under-Tx measurements 
was 9.2 ± 8.7 months.

Echocardiography

Transthoracic echocardiography was performed in accord-
ance with the American Society of Echocardiography [4] 
and the European Association of Echocardiography recom-
mendations [11], using Vivid E9 or Vivid 7 (GE Healthcare, 
Tokyo, Japan) with an M5S transducer.

Left ventricular (LV) end-diastolic and end-systolic 
dimensions were determined in the parasternal long axis 
view. LV ejection fraction (LVEF) was calculated using 
the modified Simpson’s biplane method. The LV eccen-
tricity index was calculated as 100 × D2/D1, where D2 
is the minor-axis dimension of the left ventricle parallel 
to the interventricular septum and D1 is the minor-axis 
dimension perpendicular to and bisecting the interven-
tricular septum, and used as an index of septal geometric 
abnormality caused by RV diastolic pressure overload. An 
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abnormal value for the LV eccentricity index is considered 
to be more than 100% in accordance with the recommen-
dation of the American Society of Echocardiography [4]. 
Transmitral flow velocities were determined by pulsed-
wave Doppler echocardiography, and mitral flow param-
eters, including early ventricular filling velocity (E) and 
late ventricular filling velocity (A), were measured and the 
E/A ratio was calculated. A tissue Doppler echocardiogram 
from the apical four-chamber view was recorded. A sam-
ple volume was placed at the medial annulus in the apical 
four-chamber view, and peak myocardial velocity during 
early diastole (e’) was measured and E/e’ was calculated. 
TRPG was calculated by applying the simplified Bernoulli 
equation. Right atrial area at end systole was measured in 
the apical four-chamber view. RV outflow Doppler was 
obtained to measure TVI. The ratio of TRPG to TVI of 
the RV outflow tract was then calculated as a reliable esti-
mation of PVR, as reported previously [8]. As an index 
of systolic function of the RV, TAPSE was measured in 
M-mode tracing obtained in the apical four-chamber view.

Clinical endpoints

Follow-up data were retrospectively collected from medical 
charts. The clinical endpoint was defined as a composite 
of cardiovascular death and hospitalization for PAH and/or 
RV failure. The composite endpoint was used since cardiac 
death alone is unlikely to fully reflect prognosis in the pre-
sent patient population, which is composed of heterogeneous 
groups with regard to causative conditions.

Statistical analysis

Continuous variables are summarized by mean values ± SD, 
and categorical variables are shown as absolute counts and 
percentages. Mean values at baseline and under-Tx measure-
ments were compared using the paired t test. Categorical 
variables were analyzed using the Chi-square test and com-
parison of two proportions was used when appropriate. Time 
to an adverse event was calculated as the interval from the 
date of echocardiography to the event. p values < 0.05 were 
considered statistically significant. Hazard ratios (HRs) for 
the clinical endpoint were estimated by Cox proportional 
hazard analysis. Variables that were significantly associated 
with the event in univariate analyses were incorporated in 
multivariate Cox models. A receiver operating characteristic 
(ROC) curve was used to determine cutoff values of TRPG/
TVI and TAPSE. The difference in event-free survival 
curves between the groups was tested by the Kaplan–Meier 
method and log-rank test. The difference in multiple com-
parison procedures was tested by Bonferroni correction. All 
statistical analyses were performed using JMP software (ver-
sion 13, SAS Institute, Cary, NC, USA).

Results

Clinical characteristics of patients

Table 1 summarizes the clinical features and baseline hemo-
dynamics measured by RHC in the study population. The 
patient group consisted of 23 patients with idiopathic or 

Fig. 1   Study profile. 6MWT 
6-min walk distance test, PAH 
pulmonary arterial hyperten-
sion, Under-Tx measurements 
measurements during PAH-
specific treatment
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heritable PAH, 16 with connective tissue disease including 
5 with systemic sclerosis, and 2 with other causes of PAH. 
The mean duration between RHC and baseline echocardi-
ography was 0.3 ± 6.5 months. The mean interval between 
baseline measurement and under-Tx measurement was 
22.1 ± 19.9 months.

Comparison of responses to PAH therapies 
in patients with and those without adverse events

During a mean follow-up period of 9.2 ± 8.7 (range 
0.2–30.2) months (Fig. 1), 4 patients died of cardiac causes 
and 14 patients were hospitalized for progression of heart 
failure. Mean follow-up periods in patients with and those 
without adverse events were 9.4 ± 8.9 and 9.2 ± 9.1 months, 
respectively. As shown in Table 2, at the time of collec-
tion of data from baseline measurements, nine patients 
had received a prostaglandin I2 analogue including an oral 
selective prostacyclin-receptor agonist, seven patients had 
received an endothelin receptor antagonist, five patients 
had received a phosphodiesterase 5 inhibitor, and three 
patients had received triple combination therapies. During 

the PAH-specific treatment period, all of the 41 patients 
received additional PAH-specific therapies with epopros-
tenol, a selective prostacyclin-receptor agonist, an endothe-
lin receptor antagonist, a phosphodiesterase 5 inhibitor, a 
soluble guanylate cyclase stimulator, or triple combination 
therapies.

Clinical characteristics in patients who developed adverse 
events and patients who were event-free are presented in 
Table 2. In patients with adverse events, diastolic systemic 
blood pressure was significantly increased after PH-specific 
treatments compared with that at baseline. In patients with-
out adverse events, heart rate and levels of serum uric acid 
and brain natriuretic peptide were significantly reduced 
after PH-specific treatments. Favorable changes were also 
observed in echocardiographic parameters after PAH-spe-
cific treatments in patients without adverse events; E/e’, 
TRPG, TRPG/TVI, and RA area were significantly reduced 
and E/A and TAPSE were significantly increased.

Relationships of clinical and echocardiographic 
parameters with adverse events

Univariate Cox proportional hazard risk analysis was per-
formed to identify variables that predict the clinical com-
posite endpoint in patients with PAH. As shown in Table 3, 
hazard risk for the endpoint was significantly higher for E/e’ 
at baseline measurements and TRPG, TVI, TRPG/TVI, and 
TAPSE at under-Tx measurements. Of those parameters, 
E/e’ at baseline measurements and TRPG/TVI and TAPSE 
at under-Tx measurements were examined by multivariate 
analysis for independent associations with the composite 
endpoint. As shown in Table 4, age, female gender and 
TAPSE at under-TX measurements were independently 
associated with adverse events. TRPG/TVI at under-Tx 
measurements was not selected as an independent predictor 
of the endpoint due to the modest but significant correlation 
between the two indices (y = − 1.01x + 23.06, R = − 0.493, 
p = 0.001) as shown in Fig. 2. TRPG/TVI at under-Tx meas-
urements was an independent predictor of adverse events 
when TAPSE at under-Tx measurements was not included 
as a dependent factor in multivariate analysis.

Classification of adverse event risk by TRPG/TVI 
and TAPSE

Since the results of multivariate analysis (Table 4) suggested 
that TRPG/TVI and TAPSE during PAH-specific therapies 
are predictors of adverse events in PAH patients, ROC anal-
ysis was performed to determine optimal cutoff values of 
the two indices for identifying a high-risk group. As shown 
in Fig. 3, 3.89 for TRPG/TVI at under-Tx measurements 
and 18.9 mm for TAPSE at under-Tx measurements were 
selected as cutoff values with the maximum area under the 

Table 1   Clinical features and baseline hemodynamic characteristics

Each value is the mean ± SD or number (%)
BMI body mass index, mPAP mean pulmonary arterial pressure, 
mRAP mean right atrial pressure, PAH pulmonary arterial hyperten-
sion, PAWP pulmonary artery wedge pressure, PVR pulmonary vas-
cular resistance, RHC right heart catheterization, SvO2 mixed venous 
oxygen saturation

Age, years 48.9 ± 17.3
Female 31 (76%)
Body height, cm 156.5 ± 8.2
Body weight, kg 54.1 ± 15.9
BMI 22.0 ± 5.8
WHO functional class
 I 2 (5%)
 II 10 (24%)
 III 28 (68%)
 IV 1 (2%)

Causes of PAH
 Idiopathic/heritable 23 (56%)
 Connective tissue disease 16 (39%)
 Drug-induced 1 (2%)
 Portal 1 (2%)

Baseline RHC measures
 PAWP, mmHg 9.3 ± 3.7
 mPAP, mmHg 41.2 ± 16.9
 mRAP, mmHg 7.5 ± 4.5
 PVR, dyne·s·cm−5 711.1 ± 518.9
 Cardiac index, L/min/m2 2.9 ± 1.0
 SvO2, % 71.3 ± 5.5
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curve. Figure 4 shows the relationships between TRPG/TVI 
and TAPSE at under-Tx measurements and the distributions 
of patients with and those without adverse events. By use 
of the cutoff values, patients could be divided into four sub-
sets: a group with TRPG/TVI < 3.89 and TAPSE > 18.9 mm 
(n = 16, subset 1), a group with TRPG/TVI ≥ 3.89 and 

TAPSE > 18.9 mm (n = 4, subset 2), a group with TRPG/
TVI < 3.89 and TAPSE ≤ 18.9 mm (n = 7, subset 3), and 
a group with TRPG/TVI ≥ 3.89 and TAPSE ≤ 18.9 mm 
(n = 14, subset 4).

The clinical characteristics in patients at under-Tx meas-
urements in each of the four subsets are shown in Table 5. 

Table 2   Comparisons of clinical 
characteristics between baseline 
and under-Tx measurements

Each value is the mean ± SD or number (%)
A late ventricular filling velocity, BNP brain natriuretic peptide, BP systemic blood pressure, DLCO diffus-
ing capacity for carbon monoxide, E early ventricular filling velocity, e′’ peak myocardial velocity during 
early diastole, ERA endothelin receptor antagonist, IVC inferior vena cava diameter, LVEF left ventricular 
ejection fraction, LV eccentricity index left ventricular eccentricity index, 6MWD six-minute walk distance, 
PAHA pulmonary arterial hypertension, PDE5 phosphodiesterase type 5, PGI2 prostaglandin I2, RA right 
atrium, sGC soluble guanylate cyclase, SpO2 saturation of percutaneous oxygen, TAPSE tricuspid annular 
plane systolic excursion, TRPG tricuspid regurgitation pressure gradient, TVI time velocity integral of right 
ventricular outflow tract, Under-Txmeasurements measurements during PAH-specific treatment

Event
n = 18

Event-free
n = 23

Baseline Under-Tx p value Baseline Under-Tx p value

PAH-specific therapies
 Epoprostenol 0 (0%) 6 (33%) – 0 (0%) 3 (13%) –
 PGI2 analogue 7 (39%) 6 (33%) 0.711 2 (9%) 4 (17%) 0.425
 ERA 4 (22%) 11 (61%) 0.019 3 (13%) 13 (57%) 0.002
 PDE5 inhibitor 4 (22%) 10 (56%) 0.039 1 (4%) 10 (43%) 0.002
 sGC stimulators 0 (0%) 2 (11%) – 0 (0%) 5 (22%) –
 Triple combination therapy 2 (11%) 7 (39%) 0.056 1 (4%) 5 (22%) 0.073

Clinical variables
 Systolic BP, mmHg 108 ± 14 110 ± 14 0.862 113 ± 15 115 ± 17 0.404
 Diastolic BP, mmHg 60 ± 12 67 ± 12 0.046 65 ± 10 62 ± 7 0.137
 Heart rate, bpm 82 ± 18 78 ± 15 0.349 78 ± 12 74 ± 11 0.038
 Platelet, × 103/µl 206 ± 69 192 ± 101 0.329 184 ± 66 190 ± 58 0.609
 Albumin, g/dl 3.7 ± 0.6 3.8 ± 0.5 0.331 3.7 ± 0.6 3.9 ± 0.5 0.104
 Creatinine, g/dl 1.1 ± 1.9 1.1 ± 1.9 0.88 0.7 ± 0.3 0.7 ± 0.2 0.46
 Uric acid, g/dl 5.6 ± 1.2 4.9 ± 1.5 0.078 5.9 ± 2.0 5.1 ± 1.6 0.009
 BNP, pg/ml 117 ± 133 94 ± 95 0.319 220 ± 349 84 ± 219 0.004

Six-minute walk test
 6MWD, m 355 ± 91 379 ± 58 0.212 356 ± 94 447 ± 76 0.105
 Lowest SpO2, % 90.9 ± 3.8 89.6 ± 5.9 0.516 91.0 ± 4.8 91.5 ± 4.1 0.698

Pulmonary function test
 %DLCO 45.7 ± 10.2 46.6 ± 10.5 0.111 59.6 ± 17.7 64.4 ± 14.9 0.338

Echocardiographic variables
 LVEF, % 69.0 ± 6.2 66.6 ± 7.7 0.206 67.7 ± 8.2 64.3 ± 10.4 0.126
 LV eccentricity Index 122 ± 23 118 ± 17 0.574 126 ± 22 116 ± 18 0.073
 E/A 1.5 ± 1.5 1.0 ± 0.4 0.28 1.0 ± 0.3 1.2 ± 0.5 0.042
 E/e′ 11.1 ± 3.8 10.9 ± 3.4 0.786 15.0 ± 9.8 11.9 ± 7.1 0.002
 TRPG, mmHg 63.4 ± 28.6 57.1 ± 23.4 0.262 62.8 ± 23.7 41.8 ± 22.9 0.002
 TVI, cm 12.3 ± 4.3 12.5 ± 4.3 0.964 15.4 ± 7.1 16.1 ± 5.3 0.988
 TRPG/TVI 5.27 ± 3.23 5.23 ± 2.36 0.965 3.91 ± 1.83 2.64 ± 1.57 0.032
 TAPSE, mm 18.5 ± 4.5 15.9 ± 3.1 0.23 18.8 ± 3.7 21.8 ± 4.2 0.023
 RA area, cm2 18.0 ± 8.0 17.1 ± 7.1 0.759 19.8 ± 6.9 17.0 ± 8.1 0.02
 IVC, mm 16.2 ± 4.6 13.8 ± 4.2 0.138 15.2 ± 5.2 13.9 ± 4.8 0.148
 Pericardial effusion 8 (44%) 5 (28%) 0.324 5 (24%) 3 (14%) 0.393
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Patients in the subset 4 had smaller body mass index than 
those in the subsets 1 and 3 and had higher brain natriu-
retic peptide level than that in subset 1 and 2, though the 
differences were not statistically significant. Additionally, 
there were no significant differences in the prevalence of 
idiopathic/heritable PAH, epoprostenol use and triple com-
bination therapy among the four subsets.

Figure  5 shows results of Kaplan–Meier analysis 
of event-free survival in the four subsets. There was a 

statistically significant difference between the four event-
free curves (log-rank test, χ2 = 18.8, p < 0.001). Multiple 
comparison using Bonferroni correction (p values < 0.017 
being considered statistically significant) indicated that 
the curve of subset 1 was significantly different from that 
of subset 4 (p < 0.001). As shown in Table 6, multivariate 
analyses by Cox’s proportional hazards model adjusted 
for age, sex and body mass index indicated that subset 

Table 3   Univariate Cox 
regression analyses of variables 
for the composite endpoint

A late ventricular filling velocity, BNP brain natriuretic peptide, BP systemic blood pressure, CI confidence 
interval, DLCO diffusing capacity for carbon monoxide, E early ventricular filling velocity, e’ peak myo-
cardial velocity during early diastole, ERA endothelin receptor antagonist, HR hazard ratio, IVC inferior 
vena cava diameter, LVEF left ventricular ejection fraction, LV eccentricity index left ventricular eccentric-
ity index, 6MWD six-minute walk distance, PDE5 phosphodiesterase type 5, PGI2 prostaglandin I2, RA 
right atrium, SpO2 saturation of percutaneous oxygen, TAPSE tricuspid annular plane systolic excursion, 
TRPG tricuspid regurgitation pressure gradient, TVI time velocity integral of right ventricular outflow tract, 
Under-Tx measurements measurements during PAH-specific treatment

Baseline measurements Under-Tx measurements

HR 95% CI p value HR 95% CI p value

PAH-specific therapies
 Epoprostenol 2.03 0.70–5.25 0.180
 PGI2 analogue 1.84 0.67–4.71 0.223 1.90 0.66–4.93 0.220
 ERA 1.21 0.34–3.38 0.747 0.88 0.80–2.45 0.802
 PDE5 inhibitor 1.35 0.38–3.79 0.613 1.20 0.47–3.15 0.702
 Triple combination therapy 1.47 0.23–5.35 0.629 1.50 0.55–3.82 0.416

Clinical measurements
 Systolic BP 0.99 0.96–1.02 0.489 0.99 0.96–1.02 0.710
 Diastolic BP 0.97 0.92–1.01 0.100 1.05 0.99–1.11 0.094
 Heart rate 1.02 0.98–1.06 0.276 1.01 0.98–1.05 0.477
 Platelet 1.00 1.00–1.01 0.301 1.00 1.00–1.01 0.405
 Albumin 1.12 0.53–2.60 0.779 0.64 0.21–2.03 0.443
 Creatinine 1.08 0.75–1.33 0.606 1.08 0.75–1.32 0.596
 Uric acid 1.08 0.82–1.41 0.560 1.11 0.83–1.48 0.475
 BNP 1.00 1.00–1.00 0.726 1.00 1.00–1.00 0.949

Six-minute walk test
 6MWD 1.00 1.00–1.01 0.410 0.99 0.98–1.00 0.198
 Lowest SpO2 0.96 0.85–1.09 0.531 0.99 0.92–1.09 0.842

Pulmonary function test
 %DLCO 0.98 0.92–1.03 0.441 0.95 0.90–1.00 0.057

Echocardiographic variables
 LVEF 1.02 0.95–1.10 0.573 1.01 0.96–1.09 0.700
 LV eccentricity index 1.00 0.98–1.02 0.932 1.01 0.98–1.04 0.474
 E/A 1.14 0.76–1.49 0.466 0.91 0.24–2.80 0.875
 E/e′ 0.92 0.81–1.00 0.040 0.96 0.84–1.04 0.362
 TRPG 1.00 0.98–1.02 0.779 1.03 1.01–1.06 0.016
 TVI 0.94 0.83–1.04 0.216 0.90 0.80–0.99 0.036
 TRPG/TVI 1.17 0.98–1.38 0.076 1.53 1.23–1.94 < 0.001
 TAPSE 1.02 0.89–1.17 0.762 0.87 0.78–0.97 0.015
 RA area 0.97 0.90–1.02 0.267 0.98 0.92–1.03 0.473
 IVC 1.00 0.91–1.09 0.913 1.01 0.92–1.11 0.783
 Pericardial effusion 2.31 0.87–5.99 0.090 2.64 0.81–7.54 0.101
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4 had a significantly higher event risk than did subset 1 
(HR = 25.49, 95% CI 4.70–476.97, p < 0.0001).

Discussion

The results of this study indicated that increased TRPG/
TVI and reduced TAPSE in PAH patients who underwent 
specific PAH-targeted medical treatments for a sufficient 
period of time are associated with significantly increased 
risk of cardiac death and unscheduled hospitalization. The 
findings support the notion that combined assessment of the 
noninvasive measures, TRPG/TVI and TAPSE, enables risk 
classification and provides useful information for treatment 
of PAH.

The American College of Cardiology Foundation/
American Heart Association (ACCF/AHA) expert con-
sensus document on pulmonary hypertension recommends 
PVR as a robust diagnostic criterion for PAH [12]. The 
fundamental pathophysiological abnormality underlying 
PAH is progressive vascular remodeling and obliteration 
of the peripheral pulmonary arterial vasculature. Even in 
the pre-symptomatic stage of PAH (WHO functional class 
1), PVR is substantially above normal through latent pul-
monary vascular remodeling. In patients who have a slight 
limitation of activity (WHO functional class 2), increases 
in PVR do not affect cardiac output because RV func-
tion is compensated by hypertrophy. However, severely 
increased PVR and the simultaneous fall in pulmonary 
arterial pressure and cardiac output due to decompensa-
tion of RV function are observed in PAH patients at an 
advanced stage (WHO functional class 3 or 4) [13, 14]. 
Earlier studies [15, 16], mostly using invasive measures 
to assess RV function, showed that impaired RV wall con-
tractility in PAH is an independent predictor of survival. 
Recently there are several reports regarding the efficacy 
of RV free wall strain for predicting long-term outcome in 
PAH patients [17, 18]. However, measurement of RV free 
wall strain still requires sufficient quality of images using 
high performance equipment, and thus it is less feasible 
than TAPSE in routine clinical use. Although TAPSE is 
influenced by several factors including overall motion of 
the heart, LV systolic function, and RV loading conditions 
[18], it is simple, practical, reproducible and more suitable 
for repetitive assessment for RV function for long-term 
follow-up. TRPG/TVI and TAPSE were reported to be cor-
related well with invasive PVR [8] and with angiographic 
or magnetic resonance imaging-derived RV ejection frac-
tion [4], respectively. Based on these findings, we selected 
TRPG/TVI and TAPSE for combined assessment of PVR 
and RV function in patients with PAH. Noninvasive evalu-
ation using echocardiography has the potential advantage 
of having excellent feasibility for serial assessment of dis-
ease progression compared with invasive measures.

Table 4   Multivariate Cox 
regression analyses for the 
composite endpoint

CI confidence interval, E early ventricular filling velocity during PH-specific treatment, e’ peak myocar-
dial velocity during early diastole, HR hazard ratio, TAPSE tricuspid annular plane systolic excursion, 
TRPG tricuspid regurgitation pressure gradient, TVI time velocity integral of right ventricular outflow tract, 
Under-Tx measurements measurements during PAH-specific treatment

Without TAPSE at under-Tx 
measurements

HR 95% CI p value HR 95% CI p value

Age 0.97 0.94–1.00 0.041 0.98 0.96–1.01 0.194
Female 4.42 1.17–17.00 0.030 2.61 0.76–8.04 0.120
E/e’ at baseline measurements 0.93 0.81–1.01 0.099 0.95 0.81–1.04 0.323
TRPG/TVI at under-Tx measurements 1.20 0.90–1.60 0.224 1.44 1.13–1.86 0.003
TAPSE at under-Tx measurements 0.80 0.65–0.96 0.018

Fig. 2   Linear regression analysis between TRPG/TVI and TAPSE at 
under-Tx measurements. There was the modest but significant cor-
relation between TRPG/TVI and TAPSE at under-Tx measurements 
(y = − 1.01x + 23.06, R = − 0.493, p = 0.001). Under-Tx measurements 
during PAH-specific treatment, TAPSE tricuspid annular plane sys-
tolic excursion, TRPG peak tricuspid regurgitation pressure gradient, 
TVI time velocity integral of right ventricular outflow tract
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Previous studies [19] have shown that the inverse correla-
tion between RV function and PVR is significant but modest, 
as was indicated by data shown in Fig. 2. The weak correla-
tion between TRPG/VTI and TAPSE can be explained by 
the variability of RV adaptation to chronic pressure overload 

[13, 14], especially according to causative conditions. 
Patients with systemic sclerosis-associated PAH exhibited 
lower RV contractility than that in idiopathic PAH patients, 
whereas PVR was not significantly different [15]. Experi-
mental and clinical investigations have demonstrated that 
impaired RV wall contractility is associated with multiple 
processes, including chronic volume overload [20], fibrosis 
of the RV wall [21], capillary rarefaction [22], RV remod-
eling [23], and RV–LV interdependence [24, 25], as well as 
chronic pressure overload. These findings indicate that not 
only increased afterload but also other factors are involved 
in adaptation and decompensation of RV function in PAH.

Since increased PVR and reduced RV functions have been 
suggested to have distinct roles in the natural history of PAH 
[13, 14, 19], we postulated that the prognosis-related hemo-
dynamic status of PAH can be classified into four subsets by 
use of cutoff values of TRPG/TVI and TAPSE, like the For-
rester classification of acute heart failure. This notion was 
supported by the results shown in Figs. 4 and 5. The most 
interesting characteristic shown in Fig. 4 is that patients 
with low TAPSE and high TRPG/TVI (subset 4) are at the 
highest risk for adverse events. It seems that a reduction in 
RV contractile performance is closely associated with poor 
prognosis even if it was independent of decompensation in 
response to chronic pressure overload. Possibly, additional 
information by a surrogate marker of RV wall contractility 
can supplement what PVR-based prediction cannot provide. 
The clinical characteristics of patient in the subset 4 were 
not significantly different from those in the other subsets 
(Table 5), indicating importance of TRPG/TVI and TAPSE 
assessment for detection of this high-risk group of patients. 

Fig. 3   Receiver operating characteristic analysis to determine opti-
mal cutoff values for identifying subjects at risk for the composite 
endpoint. Cutoff values with maximum area under the curve were 
3.89 for TRPG/TVI at under-Tx measurements (a) and 18.9 mm for 

TAPSE (b) at under-Tx measurements. Under-Tx measurements dur-
ing PAH-specific treatment, TAPSE tricuspid annular plane systolic 
excursion, TRPG peak tricuspid regurgitation pressure gradient, TVI 
time velocity integral of right ventricular outflow tract

Fig. 4   Relationships between TRPG/TVI and TAPSE at under-
Tx measurements. Patients with PAH were divided into four sub-
sets based on cutoff levels of TRPG/TVI and TAPSE at under-Tx 
measurements (dotted line showing each cutoff level). Patients with 
adverse events and those without adverse events are shown by solid 
circles and open circles, respectively. Under-Tx measurements dur-
ing PAH-specific treatment, TAPSE tricuspid annular plane systolic 
excursion, TRPG peak tricuspid regurgitation pressure gradient, TVI 
time velocity integral of right ventricular outflow tract
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Table 5   Clinical characteristics 
in four subsets at under-Tx 
measurements

Each value is the mean ± SD or number (%)
BMI body mass index, BNP brain natriuretic peptide, BP systemic blood pressure, PAH pulmonary arterial 
hypertension, Under-Tx measurements measurements during PAH-specific treatment

Subset 1 Subset 2 Subset 3 Subset 4 p value
n = 16 n = 4 n = 7 n = 14

Age, years 43.9 ± 15.0 50.5 ± 15.6 58.7 ± 12.8 49.1 ± 21.1 0.314
Female 13 (81%) 4 (100%) 5 (71%) 10 (71%) 0.460
BMI 23.5 ± 6.9 18.1 ± 4.1 24.6 ± 6.8 20.1 ± 2.9 0.120
Idiopathic/heritable PAH 11 (69%) 2 (50%) 3 (43%) 7 (50%) 0.607
Systolic BP, mmHg 112 ± 15 104 ± 11 122 ± 22 111 ± 14 0.273
Heart rate, bpm 75 ± 11 80 ± 10 74 ± 19 76 ± 13 0.916
BNP, pg/ml 22 ± 27 36 ± 21 186 ± 350 114 ± 102 0.177
Epoprostenol 3 (19%) 1 (25%) 1 (14%) 4 (29%) 0.868
Triple combination therapy 5 (31%) 2 (50%) 2 (29%) 3 (21%) 0.746

Fig. 5   Kaplan–Meier event-free 
curves in the four subsets of 
PAH patients. There was a sig-
nificant difference in the event-
free survival curves between 
the four subsets (log-rank test, 
χ2 = 18.8, p < 0.001)

Table 6   Cox’s proportional 
hazards analyses for the 
composite endpoint

Multivariate analyses were adjusted for age, sex, and BMI
BMI body mass index, CI confidence interval, HR hazard ratio, ref reference

Univariate analyses Multivariate analyses

HR 95% CI p value HR 95% CI p value

Subsets
 1 Ref Ref
 2 2.57 0.10–64.92 0.5131 4.57 0.16–127.95 0.3227
 3 4.37 0.56–88.54 0.1645 8.55 0.89–198.34 0.0585
 4 15.71 3.11–285.78 0.0001 25.49 4.70–476.97 < 0.0001
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Subset 3 (low TAPSE and low TRPG/TVI) had moderate 
risk of cardiac death and unscheduled hospitalization in 
spite of normal or slightly elevated PVR. This finding sug-
gests that the prognostic value of subset 3 is determined by 
a variability of RV adaptation to chronic pressure overload. 
In fact, RV dysfunction has been shown to occasionally 
progress even when increase of PVR is preserved within 
tolerate range [7, 14]. Although individual discriminative 
capacity of TRPG/TVI or TAPSE for a single parameter was 
moderate (AUCs = 0.821 and 0.863, respectively) (Fig. 3), a 
point we tried to make is that a combination of the not very 
strong predictors is useful for characterization of hemody-
namic abnormalities (Fig. 4) and for assessment of prognosis 
(Fig. 5). Classification of PAH into four subsets appears to 
be useful for both risk classification and selection of a thera-
peutic strategy in PAH.

The results of the present study show that abnormal 
values for indices of PVR and RV systolic function are 
predictors of adverse events during long-term follow-up 
only when they are assessed after PAH-specific therapies 
have been performed for a sufficient period (Table 3). The 
pathogenesis of PAH is multifactorial, involving reversible 
functional changes and irreversible structural abnormalities. 
The progressive increase in PVR is attributed to a combina-
tion of reversible conditions such as vasoconstriction and 
unchangeable alterations such as the development of plexi-
form lesions. Similarly, the key determinant of RV dysfunc-
tion is complex interaction between reactive adaptation for 
excessive afterload and irreversible myocardial degenera-
tion. Since the clinical efficiency of PAH-specific therapies 
depends on the reversibility of various components that 
comprise the increasing severity of PAH, it is important 
for accurate determination of the prognosis to assess the 
response to PAH-specific therapies at appropriate timing. 
Recent guidelines recommend that judgments regarding 
the severity of pulmonary hypertension and the treatment 
response be made on the basis of regular follow-up evalua-
tions every 3–6 months [2]. To accurately assess the severity 
and prognosis of PAH, a single clinical index assessed once 
soon after the start of therapies is insufficient. Rather, it is 
important to observe the changes over time during the course 
while providing appropriate combination therapies for a suf-
ficiently long period, and noninvasive echocardiography may 
contribute greatly to the observation of changes over time.

Despite significant therapeutic advances and identifi-
cation of reasonable goals of therapies, outcomes of PAH 
patients are still suboptimal. Physician reluctance to proceed 
to the most aggressive therapies seems to be a contributing 
factor [2]. Follow-up of pathophysiological abnormality is 
essential for assessing response to treatment and achiev-
ing the goals with optimal application of current therapies. 
Serial monitoring of RV function and PVR by echocardiog-
raphy is of crucial importance for evaluating the severity of 

hemodynamic function and deciding the therapeutic strategy 
for PAH from early to advanced stages.

Study limitations

There are limitations in the present study. First, since the 
size of the study population was small and the observation 
period was relatively short, statistical power might have been 
insufficient for characterizing all echocardiographic param-
eters. Second, a substantial limitation of this study is the 
population heterogeneity based on inclusion of patients with 
various types of PAH. The specific event rates for individual 
groups according to various causative conditions or differ-
ent natural histories were not assessed because of the small 
population size. Nevertheless, there are few published data 
indicating that prognosis predictors differ in different PAH 
subgroups, and thus it is difficult to address this issue, as 
described in the guidelines [2]. On the other hand, inclusion 
of patients with various prognoses was required to determine 
the predictive power of combined assessment of TRPG/TVI 
and TAPSE. In other words, inclusion of heterogeneous 
subject groups is advantageous for testing whether analysis 
of the TRPG/TVI-TAPSE relationship is applicable for all 
patients with PAH. Third, treatments during the follow-up 
period after echocardiographic assessment differed in the 
patients with various underlying causes. After collection 
of data for under-Tx measurements in this study, some of 
the patients additionally received treatments according to a 
goal-oriented therapies strategy, including triple combina-
tion therapies and optimal dosage of epoprostenol. Thus, 
the possibility that inter-group differences in PAH-specific 
medications modified event rates in the four subsets with 
different patterns of TRPG/VTI and TAPSE values cannot 
be excluded. Further investigation will be needed to validate 
specific cutoff values of TAPSE and TRPG/TVI for prog-
nostic predictors in various types of PAH both before and 
during treatment.

Conclusion

The results of the present study indicate that changes in PVR 
and RV function in PAH take different patterns depending on 
patients and that both increased PVR and reduced RV func-
tion contribute to adverse events in PAH patients who have 
undergone specific PAH-targeted medical treatments for a 
sufficient period of time. Serial monitoring of RV function 
and PVR by echocardiographic methods is a feasible and 
reasonable measure for monitoring disease progression and 
assessing prognosis in PAH patients. Whether risk classifi-
cation by a pattern of the TRPG/TVI-TAPSE relationship is 
valid in all PAH patients remains to be further investigated.
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