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Abstract

Background: In pulmonary hypertension (PH), the development of dilatation and the right ventricular failure are signs of
accelerated progression of the disease, resulting in an increased risk of cardiac death and right ventricular failure. Even the
non-invasive assessment of the systolic blood pressure in the pulmonary artery by echocardiography does not provide a measure
of ventricle-pulmonary interaction. Some studies showed that the potential use of echocardiography to evaluate indirectly the
pulmonary vascular resistance (PVR) and the acceleration time of pulmonary outflow (ACTPO) could be a good, correlated,
indirect measure. Methods: We decided to use a parameter that contained information related to pulmonary artery pressure
(sPAP) and pulmonary vascular resistance. We called it PAPs/ACTPO ratio [strength/surface unit]/[time]. We aimed to study
this parameter in apparently healthy subjects to code the normal range. From January 2017 to December 2018, 60 normal
volunteer subjects and 63 patients with systemic scleroderma (Ssc)(60F,3M), 27 with PH and 36 without PH at two-dimensional
echocardiographic/Doppler evaluation. Results: In normal subjects, we found a mean sPAP/ACTPO ratio of 0.26 indicative
of an optimal pulmonary arterial ventricle coupling and biventricular function. The data derived from the analysis of the
patients with Ssc showed that those presenting pre-capillary PH at cardiac catheterization had a sPAP/ACTPO ratio of 0.40
=+ 0.05. There was a significant correlation between sPAP/ACTPO with Walk Distance (WD) and PVR but not with TAPSE.

Interobserver variability was lower than 5%.
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Introduction

In pulmonary hypertension (PH), the development of right ventricular (RV) dilation and failure (RVF) are
signs of accelerated disease progression that imply an increased risk of cardiac death, (1,2,). Both PH
(2,3,4) and RVF are independently related to clinical worsening, and a cumulative risk prediction exists for
RVF and excessive levels of pulmonary arterial systolic pressure (PAPs).

Although the non-invasive estimation of pulmonary artery systolic pressure (PAPs) by Doppler echocardio-
graphy is well established (5,6,13), it does not measure the right ventricular-arterial coupling (RV-AC )
and the pulmonary vascular resistance (PVR). Some studies showed the potential use of echocardiography
to assess the PVR (12,13). The Acceleration Time of Pulmonary Outflow (ACTPO) should be an indirect
measure of this parameter (14). Assessment of RV dimensions, geometry, and function is affected by the
complex chamber shape, requiring assumptions through noninvasive techniques, however there is agreement
in considering echocardiography as the most immediate and simple approach to obtain reliable markers of
RV systolic function in cardiopulmonary disorders. Among the echo-derived variables used for RV systolic



function assessment, the tricuspid annular plane systolic excursion (TAPSE) is easily obtainable, reproduci-
ble, and highly predictive of poor outcome in PH patients (6, 10, 11,). A combined assessment would provide
a more physiology-based information (16). Accordingly, we hypothesized that the relationship between ACT-
PO (time) and sPAP (developed pressure) could be used and proposed as an in vivo expression of the right
ventricular coupling and pulmonary pressure-time relationship, and that a combination of these variables in
a ratio might better disclose prognosis compared with either single variable.

Methods
Patients.

From January 2017 to December 2018, 123 consecutive patients, 60 volunteer normal (N) and 63 with sys-
temic scleroderma (Ssc),(60F,3M), were screened for study enrolment at the time of referral for a clinically
indicated hemodynamic and functional assessment. Patients underwent a two-dimensional echocardiogra-
phic/Doppler evaluation. The inclusion criteria of scleroderma patients were: history, signs, symptoms, and
treatment in accordance with American College of Rheumatology (ACR)/European League Against Rheu-
matism (EULAR current guidelines(17). Subjects with significant valvular heart disease (moderate to severe
stenosis/regurgitation), hypertrophic or infiltrative cardiomyopathy, pericardial diseases, unstable ischemic
heart disease (acute coronary syndrome or recent myocardial infarction<60 days before selection) were ex-
cluded. Other exclusion criteria were: inability to perform 6MWT and/or poor acoustic window. Enrolled
patients were monitored in this prospective, observational study. Imaging was performed using a Philips IE33
and a 5.2-MHz transducer (Philips Medical Systems, Andover, MA). A two-dimensional Doppler examina-
tion was performed through a protocol using views specifically designed to optimize the RV imaging (18).
To obtain the TAPSE, the apical four-chamber view was used, and an M-mode cursor was placed through
the lateral tricuspid annulus in real time. The TAPSE was measured as the peak excursion of the tricuspid
annulus (millimeters) from the end of diastole to end systole . The ACTPO pulmonary artery flow was
measured by PW-Doppler through the pulmonary valve jet from the short axis view, as the interval (msc)
between the onset of ejection and the peak flow velocity Fig. 1 to five beats.

RV systolic pressure was determined from the tricuspid regurgitation (TR) jet velocity using the simplified
Bernoulli equation, and combining this value with an estimate of the right atrial pressure by the diameter
and collapsibility of the inferior vena cava, that was added to the calculated gradient to yield sSPAP. Because
subjects had no significant RV outflow tract or pulmonic valve obstruction, RV systolic pressure was consi-
dered equal to PAPs. All measurements were performed by two senior researchers who read the recordings
in a blinded manner and without knowledge of the clinical diagnosis.

Fig 2 shows the values of sSPAP/time wvs. time. In both cases it is noted that at very low times, the power
required at the heart is very high. Moreover, the curves have an articulated trend that has a maximum
corresponding to a time of high resistance: the lower curve refers to the normal case because of the lower
value (sPAP/time is 0.19), that reaches the maximum for t ~ 68 ms.

Right heart catheterization

The patients were submitted to femoral right heart catheterization using a 7F catheter thermodilution to
evaluate the systolic, mean and capillary pulmonary pressure and calculate the trans-pulmonary gradient
(TPG=PAPm-PCWPm), PVR (dynes Sm-5=TPG/CO x 80) and cardiac output (CO). PH was defined
as a mean PAP (PAPm) >25 mm/Hg and a Pulmonary Capillary Wedge Pressure (PCWP) < 15 mm/Hg
(1), although new limits have been proposed ad a new haemodynamic definitions and updated clinical
classification of Pulmonary Hypertension have emerged from the 6® World Symposium of PH (19).

Event monitoring and endpoints. Patients were monitored for worsening dyspnea and for cardiac mortality
via hospital and outpatient medical chart review.

Statistical analysis

The primary objective of the study was to assess the range of sSPAP/ACTPO ratio in healthy subjects and



in patients with scleroderma and PH. The second objective was to correlate the sSPAP/ACTPO ratio and
the hemodynamic parameters (sPAP, PVR) at the right heart catheterization. Data are expressed as mean
values + SD unless otherwise stated. Pearson’s correlation coefficient and Bland-Altman analysis were used
to compare sPAP, ACTPO, sPAP/ACTPO ratio and TAPSE with PAPs, PVR and NYHA class. Stepwise
forward multiple regression analysis allowed the weighting of the independent effects of the potential determi-
nants on an independent variable. The null hypothesis was rejected when p was > 0.05. The sPAP/ACTPO
ratio was measured by two sonographers blinded to the clinical data in order to assess the interobserver
variability.

Ethics statement

This study was conducted in accordance with Good Clinical Practice and the current version of the revised
Declaration of Helsinki. Written informed consent was obtained from each patient prior to enrollment.

Results

Baseline demographic, clinical, and haemodynamic characteristics of patients with scleroderma and normal
arterial pressure are summarized in Table 1 , while baseline demographic, clinical, and haemodynamic
characteristics of patients with scleroderma and PH are summarized in

Table 2.

Age is not significantly different between the two groups (t-student).PAP/ACTPO is weakly related to age,
both in the healthy (r=0,42, p=0,014) and in the scleroderma patients (r=0,41, p=0,079 =>). Interobserver
variability was 5%. 36 patients showed no PH and 27 with PH associated with Ssc, at a two-Dimensional
echocardiographic/Doppler evaluation. sPAP/ACTPO ratio showed high correlations with both the terms
used for its calculation: sPAP (R=0, 88, PO, 001) and ACTPO (R=-0,90, PO, 001).

In normal subjects the mean sPAP/ACTPO ratio was 0.19+0,063, indicative of an optimal afterload, good
pulmonary arterial ventricle coupling, where pulmonary pressure, biventricular function and NYHA class
were normal. We then evaluated this parameter in patients with PH associated with Ssc.; the data derived
from the 20 Ssc patients with pre-capillary PH to cardiac catheterization had a sPAP/ACTPO ratio of 0.40
+ 0.05 Fig. 3 . There was a significant correlation between sPAP/ACTPO and Walk Distance (WD) and
PVR, but not with TAPSE, perhaps because sSPAP/ACTPO has a greater correlation with afterload, thus
its ratio might be a better approach to afterload in itself, cardiac output and arterial ventricle coupling. Fig
4A, 4B

Discussion

Right ventricular arterial coupling (RV-AC) implies efficiency of energy transfer from the ventricle to the
arterial load and has arisen as a novel parameter to assess the adequate matching between contractility
and afterload. It is calculated as the ventricular elastance (Ees) over arterial elastance (Ea)ratio (Ees/Ea).
The complicated invasive assessment (it is obtained from volume-pressure curves) has lead to factible and
practical non invasive approaches with echocardiography and cardiac magnetic resonance. The most robust
RV-AC echo parameter was proposed by Guazzi et al (20), and combined in a ratio TAPSE /sPAP (numerator
presenting RV performance and a denominator an afterload parameter). A good invasive correlation was
shown with the gold standard for RV-AC (ventricular elastance / arterial elastance). Moreover, clinical
and prognostic information has been provided in the last 5 years with publications in different pulmonary
hypertension populations. A recent study of the different echo parameters that could provide a non invasive
approach of RV-AC in SSc was published(21). The sPAP/ACTPO ratio represents the power required for
the heart to push the blood into the pulmonary artery (cardiac power). In fact, dimensionally PAPs =
Energy/Volume and power = Energy/Time: through the Bernoulli theorem the pressure is linked to the
kinetic energy, to the density of the blood, i.e. to the kinetic energy per unit of volume. It could be argued that
the Bernoulli theorem is an approximation too strong to describe a viscous fluid like the blood. In this case,
however, the effect of the resistance due to the viscosity is already taken into account by inserting the ACTPO
variable. Good conditions are those of low resistance, corresponding to a long acceleration time. In this case,



the heart provides low energy to the blood and therefore it works less. Doppler echocardiography derived
ACTPO assesses the blood flow velocity characteristics in the RV outflow tract in response to changes in RV
mechanical performance and pulmonary vascular load. Recent works demonstrated that ACTPO provides a
reliable estimate of invasive vascular resistance (22,23,24). The relationship of sSPAP/ACTPO with invasive
measures of pulmonary hemodynamic was not explored in this cohort and because PH can exert a significant
load to the right ventricle, a non-invasive index to characterize ventricular-vascular coupling that shows all
aspects of RV afterward will be useful for risk stratification and long-term monitoring. From the values we
obtained we observed, for each value considered, an increase in sSPAP/ACTPO following a decrease in ACTPO
that could be due to a reduction in cardiac output and to an increase in pulmonary vascular resistance. In
our study, there was no correlation between sPAP/ACTPO and TAPSE ; however, there was a significant
correlation with PVR and the WD, perhaps because this parameter is more related to the afterload, cardiac
output and arterial ventricle coupling. Ventricular work decreases as the ratio decreases in normal subjects
by 0.19 4+ 0.063. In subjects with PH, the high ratio tending to 1 highlights the great work that the right
ventricle must perform against high pulmonary vascular resistance.

Both, sPAP and ACTPO are also indirect afterload measures, so its ratio could be a better approach to both
afterload and RV-AC performance per se.

This result leads to consider the possibility of measuring the efficiency of the right heart power before
and after a pharmacological or surgical intervention, such as pulmonary thromboendarterectomy. It is well
established that there is a poor RV adaptation to overload in Ssc (25,26), which is also linked to a complex
pathophysiology that could be identified by the sPAP/ACTPO ratio.

Limitations

Our study was single-center and relatively small. Moreover, echocardiographic examinations and RHC were
not done simultaneously, possibly affecting the results. We found sPAP/ACTPO values that correlated with
pre capillary forms of pulmonary hypertension, but these should be better evaluated in studies that use
cardiac catheterism in all patients. Finally, the determination of sSPAP/ACTPO was slightly limited by the
availability of pulmonary Doppler signals.

Conclusions

The sPAP/ACTPO ratio is a new parameter that may be indicative of pulmonary arterial ventricle coupling,
pulmonary vascular afterload and interaction, both in normal subjects and in patients with or without PH
with Ssc.

Key points : - Although non-invasive assessment of pulmonary artery systolic pressure (PAPs) by Doppler
echocardiography is well established, this is not a measure of ventricle-lung interaction, right ventricle-arterial
coupling (RV-ac) and pulmonary vascular resistance (PVR). Some studies (Abbas, Serra) have shown the
potential use of echocardiography to assess PVR (12,13) and the acceleration time of pulmonary outfllow
(ACTPO), should be an indirect measure of this parameter. PVR = CO / deltaP.

To get a measure of the ventricle-pulmonary interaction, we used a parameter that contained information
related to pulmonary pressure, therefore given by a ratio of a force per unit area and a parameter that was
an indicator of pulmonary vascular resistance.

- The study provides three messages : First, the primary goal was to simply measure the parameter in healthy
subjects and this was done.

- We tested the parameter in patients with scleroderma without and with pulmonary hypertension, to give
normality limits that were well coded.

- In subjects with PH, the high ratio tending to 1 , highlights the great work that the right ventricle must
perform against high lung resistance. This result leads to consider the possibility of measuring the efficiency
of the right heart power before and after a pharmacological or surgical intervention.



Abbreviations : PH: pulmonary hypertension; BMI: body mass index, defined as weight in kilograms
divided by the square of height in meters; CAD: coronary artery disease; CI: confidence interval; DPG:
diastolic pulmonary gradient;

LV: left ventricle;

mPAP: mean pulmonary artery pressure; sPAP: systolic pulmonary artery pressure; PCWP: pulmonary
capillary wedge pressure; PVR: pulmonary vascular resistance;

RA: right atrium;

RV: right ventricle;

RV FAC: right ventricular fractional area change; TAPSE: tricuspid annular plane systolic excursion;
TPG: transpulmonary gradient;

TR: tricuspid regurgitation;

ACTPO: acceleration time of pulmonary outflow;

SSc: systemic sclerosis;

RHC: right heart catheterization;

WD: Walk Distance
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Figure legends
Figure 1

TR was evaluated in the apical four-chamber view, the parasternal short-axis view at the level of the aortic
valve, and the RV inflow view. Its severity, using the jet area/right atrial area method, was graded as follows:
mild, if the regurgitant jet area/right atrial area was <19%; moderate, if 20-40%; severe, if [?]41%. The
ACTPO Pulmonary artery flow was measured by PW-Doppler through the pulmonary valve jet from the
short axis view, as the interval between the onset of ejection and the peak flow velocity. The data was
corrected for heart rate (ACTPO/HRx100). The equation (TRV/TVIryor*10) + 0.16 has been shown to
provide a non-invasive correlate of PVR.

Figure 2

Figure 2 shows the values of PAPS/time vs. time. In both cases it is noted that at very low times, the power
required at the heart is very high. Moreover, the curves have an articulated trend that has a maximum
corresponding to a time of high resistance: the lower curve refers to the normal case because of the lower
value (PAPS/time is 0.19), that reaches the maximum for t = 68 ms.

Figure 3

The first data derived from the analysis of the 20 Ssc patients show that those presenting pre-capillary PH
at cardiac catheterization have a PAPs/ACTPO ratio > of 0.40 +- 0.05. There was a significant correlation
between PAPs/ACTPO and WD, but not with PVR, perhaps because this parameter has a greater correlation
with cardiac output and arterial ventricle coupling.

Figure 4
A Correlation between PAPs/ACTPO and PVR; BCorrelation between PAPs/ACTPO and WD.
Tables

Table 1. Baseline demographic, clinical, and haemodynamic characteristics of patients with Ssc and normal
arterial pressure.

Table 2. Baseline demographic, clinical, and haemodynamic characteristics of patients with Ssc and PH.
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