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Abstract: Background: A reversal of time difference between the onset of early diastolic velocity
(e) during tissue Doppler imaging and the onset of mitral inflow (E) has been observed in cases of
elevated left atrial pressure. Whether this interval (T..g) may be useful to assess right atrial pressure
has never been investigated, neither in healthy subjects nor in pulmonary hypertension patients.
Methods: Right ventricular T was assessed in patients with pre-capillary pulmonary hypertension
and compared with healthy volunteers who underwent comprehensive echocardiography examina-
tion. Te g is the difference between the interval from R wave at the superimposed electrocardiogram
to the e’ wave during right ventricular tissue Doppler imaging and the interval from the R wave to
transtricuspid E wave during pulsed wave Doppler imaging. Right atrial pressure was invasively
measured in pulmonary hypertension patients. Results: Fifty-six patients were enrolled. T was
prolonged in pulmonary hypertension subjects compared with healthy subjects (p < 0.001). Amongst
the pulmonary hypertension patients, strong correlations were found between T g and right atrial
pressure (r = —0.885, p < 0.001), systolic pulmonary pressure (r = —0.85, p < 0.001) and the duration
of tricuspid regurgitation (r = 0.72, p < 0.001). The area under the receiver operating characteristic
curve of Ty g in identifying right atrial pressure higher than 15 mm of mercury was 0.992 (sensitivity
100%, specificity 83%). Conclusions: In contrast to the left ventricle, there is a delay in the proto-
diastolic filling in pulmonary hypertension patients, which correlates with the increase in systolic
pulmonary arterial pressure, right atrial pressure, tricuspid regurgitation duration and restrictive
diastolic pattern.

Keywords: time intervals; early diastolic velocity; right atrial pressure; Doppler; pre-capillary
pulmonary hypertension

1. Introduction

Right atrial pressure (RAP) is a key parameter usually evaluated in critically ill and
cardiovascular populations and it has been described as a prognostic marker in patients
with pulmonary hypertension and acute heart failure [1]. Although the gold standard
method to assess RAP is the invasive measure of this parameter, this requires either the
placement of a central venous line or a pulmonary Swan-Ganz catheter. Alternatively,
the non-invasive method using echocardiography to evaluate the static inferior vena cava
diameter plus its variation during respiratory phases is widely applied [2].
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However, the non-invasive assessment has several established limitations, including
right ventricular (RV) dysfunction, moderate or severe tricuspid regurgitation, abdominal
compartment syndrome, alterations in heart lung interaction, presence of mechanical sup-
port cannula and significant respiratory efforts producing markedly negative intrathoracic
pressures. Furthermore, inferior vena cava dimensions and derived indices can identify an
increased RAP, but they may fail in estimating the magnitude of RAP elevation [3,4].

The time interval between the onset of early diastolic velocity during tissue Doppler
imaging (e’ wave) and the onset of mitral inflow (E wave) has proved to be a sensitive
index to assess the presence of high left atrial pressure in patients with valvular disease
(both in the case of mitral regurgitation and mitral stenosis) [5]. Physiologically, the tissue
velocity displacement (¢’ wave) occurs a few milliseconds earlier than the early diastolic
flow entering from the atrium to the ventricular chamber (E wave). In cases of severely
increased left atrial pressure, a reversal of this relation has been observed, with the mitral
inflow being the first wave detected. This happens because in cases of impaired relaxation
and pseudonormal LV filling, the left ventricular (LV) e’ wave is significantly delayed.

The total isovolumic time (t IVT) represents the time (expressed in second /minute)
when the ventricles do not eject nor fill, therefore describing the total amount of isovolumic
phases in the cardiac cycle, adjusted by the heart rate. It is an accurate marker of ventricular
efficiency and systo-diastolic interaction. Left-sided t IVT prolongation has been strongly
associated with the presence of ischemic cardiac disease and heart failure [6]. However,
there are no validation studies that have established the role of right ventricular t IVT (RV t
IVT) in populations with different cardiovascular diseases.

In pulmonary hypertension (PH), amongst all the pathophysiological modifications
in RV function including the increased RAP, there is also diastolic dysfunction due to
the RV stiffness in response to the increased load [7]. The pulmonary valve pre-ejection
wave (PV A wave) is an index of the right ventricular diastolic restrictive pattern. It can
be detected as an anterograde end-diastolic pulmonary arterial flow coincident with the
premature opening of the pulmonary valve during the right atrial systole, determined
by the equalization of the RV end-diastolic pressure and the pulmonary arterial diastolic
pressure [8].

Whether the time interval between the onset of RV diastolic myocardial relaxation and
early tricuspid inflow may be useful to assess RAP has never been investigated, neither in
healthy subject nor in patients with diseases leading to cardio-pulmonary pathophysiologi-
cal modifications. Additionally, the clinical relevance of increased RAP and its association
with RV systo-diastolic interaction and diastolic compliance have never been assessed.

We sought to measure the time interval between the RV lateral wall e’ and tricuspid E
wave (RV Ty g) in healthy subjects and patients with pre-capillary pulmonary hypertension,
assessing any correlation with RAP, RV t IVT and the presence of the PV A wave.

2. Materials and Methods
2.1. Echocardiography

The study population was composed of a matched cohort of patients with pre-capillary
PH and healthy volunteers from the RIVITA study [9]. The study was approved by the
local ethical committee and patients signed informed consent for the treatment and use of
data for scientific purposes. On top of the standard echocardiographic study performed in
accordance with the most recent guideline recommendations [10], we measured RV time in-
tervals using a simultaneous electrocardiogram (ECG) displayed on the echocardiographic
system and averaged three consecutive measurements for each parameter. The frame rate
was 100 mm/s. All the echocardiographic data were acquired at the end of expiration.

The E wave was detected with pulsed wave Doppler imaging with the sample volume
at the tip of the tricuspid leaflets in parasternal long-axis view of RV inflow or parasternal
short-axis view; the e” wave was collected with tissue Doppler imaging in apical four-
chamber view, placing the sample volume on the basal segment of the RV free wall.
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RV Te.g was calculated as the difference between the time from the R wave during the
superimposed ECG to the onset of e” during RV tissue Doppler imaging (Figure 1A) and the
interval from the R wave during superimposed ECG to the onset of E during transtricuspid
pulse wave Doppler imaging (Figure 1B), as shown in the following equation: Te'.g = (R-€")
— (R-E).

Te’—E=

Figure 1. Right ventricular R-e¢’ and R-E measurements. (A) R-e’ wave time interval (red): time
from R wave during superimposed ECG to the onset of e” during RV tissue Doppler imaging; (B) R-E
wave time interval (light blue): time from R wave during superimposed ECG to the onset of E during
transtricuspid pulse wave Doppler imaging. Te.g = [(R-e” time interval) — (R-E time interval)]).

In healthy subjects, RAP was assessed non-invasively, derived from echocardiographic
parameters. In PH patients, RAP was measured by invasive central vein catheter and
systolic pulmonary arterial pressure was derived from tricuspid regurgitation velocity,
applying the modified Bernoulli equation. RV t IVT was also captured. Right ventricular
filling time (RV FT) was measured as the total duration of trans-tricuspid inflow evaluated
placing the sample volume at the tip of the tricuspid leaflets in parasternal long-axis view
of RV inflow or parasternal short-axis view. RV ejection time (RV ET) was measured as the
time interval from the onset of forward pulmonary flow to the pulmonary valve closure
artifact in parasternal long-axis view of RV outflow tract or parasternal short-axis view,
placing the sample volume on the pulmonary valve.

RV total ejection time (t ET) and total filling time (t FT), expressed as seconds, were
derived as the product of the corresponding time interval and heart rate, using the following
formulae: t ET = [(60,000/RR) x RV ET]/1000 (Figure 2A) and t FT = [(60,000/RR) x RV
FT]/1000. RV t IVT (Figure 2B), measured in seconds/minute, was calculated as the
difference between 60 s and the sum of t ET and t FT (t IVT = 60 — [t FT + t ET]), previously
derived. T ET and t FT were obtained using the RR interval of the respective cardiac
cycle [9,10].

The presence of the PV A wave was assessed detecting an anterograde flow through the
pulmonary valve in correspondence to the atrial systole (P wave during the superimposed
ECQG) [8].

All the procedures were followed in accordance with the ethical standards of the
responsible committee on human experimentation and with the Declaration of Helsinki.
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Total-ET= [(60,000/RR) x ET/1000) Total-FT= [(60,000/RR) x FT/1000)

Figure 2. Total isovolumic time echocardiographic measurement. (A) RV total ejection time; (B) RV
total filling time. Total isovolumic time is measured in seconds/minute.

2.2. Statistical Analysis

IBM® SPSS version 27 Statistics was used for data computation. Normal distribution
of data was assessed both with the D’Agostino—Pearson test and histogram represen-
tation. Data with normal distribution are expressed as mean with standard deviation
(SD); otherwise, they are presented as the median value and interquartile range (IQR).
Echocardiographic parameters were compared using Student’s t-test; a p-value < 0.05 was
considered statistically significant. Correlations were assessed for each group (healthy
subjects and PH patients) with Pearson analysis and definition of r coefficients. The levels
of agreement were considered according to the literature, as follows: poor < 0.40; fair
0.40-0.60; good 0.60-0.75 and excellent 0.75-1 [11]. Receiver operating characteristic (ROC)
analyses were also performed to test the performance of the RV T interval in detecting
elevated RAP.

3. Results

In total, 56 patients were enrolled: 28 were healthy subjects and 28 had a pre-capillary
PH diagnosis, according to the current guidelines. The two groups were similar in terms of
age (55.9 & 9.8 and 55.9 £ 9.7 years old, respectively; p = 0.996) and sex distribution (67%
of the healthy subjects were female and 65% in the PH group; p = 0.95).

The mean values of RAP, echocardiographic parameters, and derived time intervals in
the two groups are presented in Table 1.

Despite comparable RR intervals (p = 0.442), patients with PH presented longer R-E
and R-e’ time intervals compared to healthy subjects (p < 0.001). In addition, R-E was
significantly longer than R-e” (p < 0.001) in PH patients, but not in healthy volunteers, who
had almost no difference between these two time intervals. Consequently, the RV T g
length was significantly longer between healthy volunteers and PH patients (p < 0.001).

The IVC diameter was not significantly different between the two groups, while IVC
inspiratory collapse was more frequent in cases of PH. In reference to RV systolic function,
the echocardiographic data collected amongst PH patients showed a systolic impairment,
with significantly lower tricuspid annular systolic excursion (TAPSE) and systolic wave
peak during tissue Doppler imaging; PH patients also had a significant RV dilatation,
considering the RV diameter. Considering RV systo-diastolic interaction, a significantly
longer RV t IVT was observed amongst PH patients.

In PH patients, strong correlations between RAP and RV Ty g (r = —0.885, p < 0.001)
(Figure 3A) and between systolic pulmonary arterial pressure and RV T g (r = —0.85,
p < 0.001) were found.
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RAP in PH patients (mmHg)

Table 1. Description of population features.

Pulmonary
Parameter Healthy Subjects Hypertension p Value
Patients

sPAP, mmHg - 64.33 + 14.58 N/A
TAPSE, mm 25.82 +3.73 125 +2.64 <0.001

RV annular diameter, mm 28.68 +4.76 57.48 + 5.27 <0.001
RAP, mmHg 3.43 £1.07 13.29 +£ 422 <0.001

RVE/e 419 +£1.07 8.66 + 2.7 0.001

RV s, cm/s 12.60 (11.9-18.65) 10.65 (9.38-12.00) <0.001

RV e, cm/s 9.37 £2.25 747 +£1.67 0.001

RR interval, ms 721.36 £+ 221.35 754.82 £ 56.16 0.442

TR duration, ms - 535 (520-580) N/A

IVC diameter, mm 12.56 +2.77 14.2 +3.83 0.342
IVC inspiratory collapse, % 28 7 <0.001
RV t FT, s/min 29.39 +9.04 29.85 + 8.85 <0.01

RV t ET, s/min 25.96 +£2.42 14.92 + 1.80 <0.001
RV tIVT, s/min 6+ 3.43 13 £4.43 <0.001
R-E wave time interval, ms 303.89 + 113.20 566.39 + 39.13 <0.001
R-e’ wave time interval, ms 303.21 + 112.63 464.54 + 29.86 <0.001
Te g time interval, ms 0.036 £+ 11.846 —101.857 £ 52.09 <0.001

T.._g and RAP: Pearson’s correlation

sPAP—systolic pulmonary arterial pressure; mmHg—millimeters of mercury; TAPSE—tricuspid annular sys-
tolic excursion; RV—right ventricular; RAP—right atrial pressure; RV E/e’—ratio between E and e’ wave;
RV s’—systolic wave peak at TDI; TR—tricuspid valve regurgitation; IVC—inferior vena cava; t FT—total filling
time; t ET—total ejection time; t [IVT—total isovolumic time; R-E—time interval from R wave during superimposed
ECG to the onset of E during transtricuspid pulse wave Doppler imaging; R-e’—time interval from R wave during
superimposed ECG to the onset of " during RV tissue Doppler imaging; To.g—time interval between RV lateral
wall e’ and tricuspid E wave.

B ROC curve: T, _ g and RAP >15 mmHg

1

r—0.885 AUC 0.992

0.6

0.4

Sensitivity

p<0.001

0.0 T T

T
-200.0

T
T T T T
-100.0 -50.0 0.0 50.0 oo 0.2 04 0.6 0.8 10

Te-gin PH patients (ms) 1 - Specificity

Figure 3. (A) Scatter plot showing correlation between T g and RAP; (B) area under the receiver
operating characteristic curve of the time interval between e’ and E in predicting right atrial pressure.

-0.76,
—0.72,

A negative correlation between RV T g and the presence of PV A wave (r
p < 0.001) was found, as well RV Ty g and tricuspid regurgitation duration (r
p <0.001).

Furthermore, amongst PH patients, a positive association between RAP and RV t IVT
(r=0.584, p < 0.01) was also demonstrated; conversely, the E/e’ ratio was weakly correlated
with RAP and systolic pulmonary arterial pressure (r = 0.28, p = 0.03 and r = 0.21, p = 0.04,
respectively).
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The area under the ROC curve of RV Ty g in identifying RAP higher than 15 mm
of mercury (mmHg) (Figure 3B) was 0.992 (sensitivity: 100%, specificity: 83%, positive
predictive value: 100%, negative predictive value: 73%) whereas the ROC for E/e’ ratio
carried low accuracy (sensibility: 56% and specificity: 18%).

4. Discussion

The main result of the study is a significant correlation between the increased inva-
sively measured RAP and the prolongation of the time difference between the myocardial
activation and the proto-diastolic filling in PH patients.

Additionally, a significant and remarkable association was found with the prolongation
of RV t IVT, the increase in systolic pulmonary arterial pressure and tricuspid regurgitation
duration and restrictive RV diastolic pattern (detection of PV A wave).

Previous studies that focused on cardiovascular diseases affecting the left ventricle
have shown that when LV long-axis expansion and relaxation are delayed, such as in LV
heart failure and the coronary artery stenosis model, e” during tissue Doppler imaging is
prolonged, thus occurring after the onset of mitral inflow [12]. The underlying pathophysi-
ological mechanism of this phenomenon consists of the high left atrial pressure acting as
the main driver of the early opening of the mitral valve and thus early onset of LV diastolic
filling, instead of myocardial relaxation.

In normally functioning RV, as shown in healthy subjects, the tricuspid inflow (E wave)
and tissue activation (e’) start almost contemporarily with an isovolumic relaxation time
ranging from 2 to 15 ms [9]. The normal RV pressure-volume relationship is characterized
by a trapezoidal shape, due to the high efficiency/low impedance pulmonary circulation.
In cases of pulmonary hypertension, the RV pressure-volume loop changes from its typical
shape to a square or rectangular one, with prolonged isovolumic contraction and relaxation
periods, resembling the left ventricle loop [13]. This reflects the adaptation of time intervals
according to the RV function and morphological remodeling [14]. A clear association
between isovolumetric times and prognosis in pulmonary hypertension patients has been
demonstrated [15]. It is probable that the prolongation of isovolumetric times has direct
consequences on the RV hemodynamic and interventricular dependence. Due to the
prolonged isovolumetric contraction of the RV, early diastolic LV filling is hampered. The
main mechanism appears to be increased wall tension [16]: RV contraction continues while
the LV is already in its diastolic phase. Because of the leftward shift of the septum, the
pulmonary valve will close while the RV is still contracting. This is called “post-systolic
isovolumetric contraction”, which contributes to the mechanical inefficiency because the
energy of the contraction in that phase in the cardiac cycle is not used to deliver forward flow.
The prolongation of post-systolic isovolumetric time in cases of pulmonary hypertension,
measured by means of Doppler echocardiography [17], should be considered as a measure
of disease severity; in fact, amongst PH patients, an association with this prolongation with
pulmonary vascular resistance, PAPs and RV ejection fraction was observed [7,18].

In our study, the prolongation of T g (from almost 0 ms in healthy volunteers to an
absolute value of 100 ms in pulmonary hypertension patients) may be justified by different
mechanisms. The prolongation of isovolumetric times reflects the time needed by the RV to
gain energy to overcome the afterload to open pulmonary valve and deliver perfusion flow.
This prolongation leads to a delay in tricuspid valve opening. Additionally, the presence of
significant tricuspid regurgitation may delay and shorten the RV filling. Although there is
no cut off value of clinically significant length of tricuspid regurgitation, a cardiac magnetic
resonance study demonstrated that a duration of tricuspid regurgitation > 400 ms was
associated with RV function and events such as cardiovascular mortality and hospital
readmission [19].

The relation between the systolic and diastolic times has been investigated and vali-
dated using the myocardial performance index in pulmonary hypertension populations.
The myocardial performance index integrates the isovolumetric times by subtracting the
ejection time from the interval between the end of filling period to the onset of the following
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one as the numerator [20]; the result is then divided by the ejection time. The myocardial
performance index does capture the variation in the systo-diastolic interaction and it has
been validated as a prognostic factor in heart failure and pulmonary hypertension patients.
However, LV t IVT has shown to be superior to the myocardial performance index in depict-
ing the LV activation and performance due to some flaws, as the myocardial performance
index does not include ejection time in the numerator or denominator in its formula, and it
is not adjusted by the heart rate [21].

RV t IVT is a sensitive marker of systo-diastolic interaction. In fact, considering its
formula, this parameter integrates in a single value both the diastolic and systolic phase of
the cardiac cycle. The normal value is 7 & 1.1 s/min and varies significantly with increasing
age, from a minimum of 3.4 s/min to a maximum of 9.7 s/min [9]. t IVT measurement also
includes the filling time, which is directly affected by ischemic processes and the severity
of valvular regurgitation. RV t IVT prolongation reflects the extension of isovolumetric
times, which could be due to either afterload increase or ischemic processes, therefore
reflecting a reduction in RV performance. Formerly validated for the left ventricle in dilated
cardiomyopathy, post-cardiotomic and cardiogenic shock patients, t IVT seemed to be
amongst the most accurate parameter of LV performance [6,22-24]. Up to date, no data
exist on the role of RV t IVT in cardiovascular diseases and pulmonary hypertension.

PV A wave was originally described in the congenital population and reported in
the presence of RV diastolic pressure above 20 mmHg, as an index of restrictive diastolic
compliance [25]. It occurs when the RV becomes unable to stretch after proto-diastolic filling
leading to premature pulmonary valve opening and thus to anterograde flow during atrial
contraction [25,26]. It is highly reproducible, and it does not require additional views on the
pulmonary valve ejection, which is routinely acquired to evaluate either pulmonary valve
acceleration time, RV velocity time integral shape and related measurements. Nevertheless,
PV A wave is mostly neglected in the pulmonary hypertension population and never
reported for the RV diastolic assessment.

RV diastolic assessment relies on a few parameters, such as the E/A ratio, E/e’ ratio,
suprahepatic vein flow pattern and inferior vena cava, without a strict categorization as for
the LV.

The E/ A ratio reduces with increasing age and has never been validated under dif-
ferent loading conditions; an E/e’ ratio < 6 is considered normal. However, this value is
derived by only two studies. In the first study, an E/e’ ratio > 4 was associated with an
RAP > 10 mmHg [27], whereas in the second study, this association was found for an E/e’
ratio > 8 [28]. In all these studies, pulmonary pressures were not significantly elevated,
therefore questioning the applicability of such cut-off values at different loading conditions
or in cases of PH. Additionally, a previous study with a pressure—volume loop analysis in
pulmonary hypertension patients demonstrated that tricuspid E/A and E/e’ ratios did not
correlate with RV end-diastolic elastance [29]. Suprahepatic vein flow waveform variation
may be related to different conditions, including RV systolic dysfunction, pulmonary pres-
sures, respiratory and liver diseases [30]. Furthermore, the inferior vena cava measurement
may be affected by several conditions [3], and thus may be unreliable in the assessment of
RV diastolic dysfunction.

Limitations

We acknowledge some limitations of our study. The PH population in the current
study is characterized by patients with significant RV systolic dysfunction and moderate to
severe estimated pulmonary pressure. Therefore, these results should be contextualized,
and further validation is needed both in a larger setting and in patients with normal
RV function.

The major limitation of this study is the small sample size and the lack of valida-
tion of the results with a gold standard monitoring device, such as a pressure—volume
loop analysis.
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5. Conclusions

In pulmonary hypertension patients, RV To_g prolongation was associated with high
RAP, reflecting a significant delay in protodiastolic RV filling; significant correlations
between this time prolongation and systolic pulmonary arterial pressure, tricuspid regurgi-
tation duration and restrictive RV diastolic pattern were also observed. These data need to
be validated in a wider population with pulmonary hypertension from different etiologies.
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