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ABSTRACT

Purpose: We recently reported a noninvasive method for the assessment of right ventricular (RV)
operating stiffness that is obtained by dividing the atrial-systolic descent of the pulmonary artery-
RV pressure gradient (PRPGDac) derived from the pulmonary regurgitant velocity by the tricuspid
annular plane movement during atrial contraction (TAPMac). Here, we investigated whether this
parameter of RV operating stiffness, PRPGDac/TAPMac, is useful for predicting the prognosis of
patients with heart failure (HF).

Methods: We retrospectively included 127 hospitalized patients with HF who underwent an
echocardiographic examination immediately pre-discharge. The PRPGDac/TAPMac was
measured in addition to standard echocardiographic parameters. Patients were followed until 2
years post-discharge. The endpoint was the composite of cardiac death, readmission for acute
decompensation, and increased diuretic dose due to worsening HF.

Results: 58 patients (46%) experienced the endpoint during follow-up. Univariable and
multivariable Cox regression analyses demonstrated that the PRPGDac/TAPMac was associated
with the endpoint. In a Kaplan-Meier analysis, the event rate of the greater PRPGDac/TAPMac
group was significantly higher than that of the lesser PRPGDaAc/TAPMac group. In a sequential
Cox analysis for predicting the endpoint's occurrence, the addition of PRPGDac/TAPMac to the
model including age, sex, NYHA functional classification, brain natriuretic peptide level, and
several echocardiographic parameters including tricuspid annular plane systolic excursion
significantly improved the predictive power for prognosis.

Conclusion: A completely noninvasive index of RV operating stiffness, PRPGDac/TAPMac, was
useful for predicting prognoses in patients with HF, and it showed an incremental prognostic value

over RV systolic function.
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INTRODUCTION

Ventricular diastolic dysfunction is generally considered to precede systolic dysfunction [1], and
one of the pathophysiological mechanisms of diastolic dysfunction is ventricular operating stiffness
[1]. An increase in the ventricular operating stiffness, which is usually associated with elevated
end-diastolic pressure, may lead to a secondary increase of atrial pressure and subsequent
congestion [1,2]. The detection of increased ventricular operating stiffness may thus contribute to
the management of patients with early-stage heart failure (HF) by helping prevent acute
decompensation [1-7].

In the last decade, the prognostic significance of right ventricular (RV) systolic dysfunction
in patients with left-sided HF has been reported [8-10], and the importance of evaluating RV
function has been attracting attention. The evaluation of RV stiffness rather than RV systolic
function was reported to be more useful for predicting a poor prognosis in patients with pulmonary
arterial hypertension [11]. Right ventricular operating stiffness may also be more useful for
predicting the prognoses of patients with left-sided HF, but this has not been established. The
standard measurement of ventricular operating stiffness requires invasive pressure recording,
which cannot be performed in outpatients [4,5]. We recently reported a noninvasive method for the
assessment of RV operating stiffness which is obtained by dividing the descent of the pulmonary
artery (PA)-RV pressure gradient during atrial contraction derived from the pulmonary regurgitant
(PR) velocity (PRPGDac) by the tricuspid annular plane movement during atrial contraction
(TAPMac) [12]. We conducted the present study to determine whether the PRPGDaAc/TAPMac

method is useful for predicting the prognoses of patients with HF.

METHODS



Subjects and Protocol

We retrospectively included 404 consecutive chronic HF patients who were admitted to Hokkaido
University Hospital from January 2014 to December 2017 for any reason and underwent an
echocardiographic examination immediately before discharge. We excluded patients with an
implanted left ventricular (LV) assist device (n=8) and those under hemodialysis (n=6), valvular
heart disease with surgical indication (n=27), congenital heart disease (n=6), or chronic
thromboembolic pulmonary hypertension (n=1). Patients with arrhythmias such as atrial fibrillation,
atrial flutter, and advanced atrioventricular block (n=110), post-tricuspid annuloplasty (n=2), and
those who were followed-up by other hospitals (n=77) were also excluded. Among the remaining
167 patients, an adequate Doppler flow velocity waveform of PR was not available in 40 patients;
127 patients were finally included in this study (Fig. 1).

We retrospectively investigated each patient's clinical demographics at the time of discharge
by reviewing the patient's electronic medical records. The underlying diseases of these 127 patients
were cardiomyopathy in 61 patients (48%), ischemic heart disease in 36 (29%), valvular heart
disease in 19 (15%), hypertensive heart disease in nine (7%), and pericardial heart disease in one

(1%).

Echocardiographic Measurements

A comprehensive echocardiographic examination was performed for each patient with a Vivid E9
ultrasound system equipped with an M5S probe (GE Healthcare, Little Chalfont, UK), an iE33
ultrasound system with an S5 probe (Philips Medical Systems, Eindhoven, The Netherlands), a
prosound F75 ultrasound system with a UST-52127 probe (Hitachi Healthcare Systems, Shinagawa,
Japan), or an Artida ultrasound system with a PST-30BT probe (Canon Medical Systems, Otawara,

Japan) in accord with the guidelines of the American Society of Echocardiography (ASE) [1,13].



The RV end-diastolic basal dimension, RV end-diastolic area, and RV end-systolic area were
measured from the apical four-chamber image, and the RV fractional area change was calculated.
The right atrial (RA) area was also measured and indexed for each patient's body surface area
(BSA). The tricuspid annular plane systolic excursion (TAPSE) was measured in the apical four-
chamber image [14].

With standard Doppler echocardiography using the apical approach, the peak early-diastolic
and atrial systolic transmitral flow velocities (E and A, respectively) were measured, and E/A was
calculated. The peak early-diastolic mitral annular velocity (e’) was measured at the septal and
lateral sides of the annulus and averaged, and E/e’ was calculated. The peak tricuspid regurgitant
(TR) velocity was measured by continuous-wave Doppler echocardiography, and the peak systolic
RV-RA pressure gradient (TRPG) was calculated using the simplified Bernoulli equation [15]. The
LV diastolic function grade was assessed according to the ASE/EACVI (European Association of
Cardiovascular Imaging) guidelines [1]. The pulmonary artery systolic pressure (PASP) was
estimated as the sum of the TRPG and the estimated right atrial pressure, and the TAPSE/PASP

was calculated as a surrogate for RV-PA coupling [16].

Estimation of RV Operating Stiffness

As we reported [12], we measured the continuous-Doppler PR velocities just before RA contraction
and at bottom of the dip during RA contraction to calculate the PA-RV pressure gradients at both
time points by using a simplified Bernoulli equation. We then calculated the PRPGDac by
subtracting the latter time point's value from the former. We also measured the TAPMac, which
reflects the RV volume change of the same time phase as the PRPGDac. We then calculated

PRPGDAc/TAPMac as an index of RV operating stiffness (Fig. 2).



Follow-Up and Primary Endpoint

We retrospectively reviewed each patient's electronic medical records until 2 years after discharge,
and we carefully investigated the occurrence of cardiac death, readmission due to acute
decompensation of HF, and increased diuretic dose due to worsening HF. We defined the

occurrence of these as a composite event as the primary endpoint.

Statistical Analyses

All statistical analyses were performed with standard statistical software (IBM SPSS ver. 25 for
Windows, IBM, Armonk, NY). All continuous data are expressed as the mean + SD or median
(interquartile range) as appropriate, and all categorical data are expressed as counts and percentages.
Normality for continuous data was checked using histograms and the Shapiro-Wilk test. The
differences between two groups divided by the presence of composite endpoint occurrences were
compared using the unpaired t-test or Mann-Whitney U-test, and the proportions between the two
groups were compared using Fisher's exact test. The association between parameters and
occurrences of the composite endpoint was assessed by univariate and multivariate Cox regression
analyses. The cumulative event rate for the primary endpoint according to the PRPGDac/TAPMac
of >0.6, which is the optimal cut-off value predicting RV end-diastolic pressure >12 mmHg [12],
was compared by a Kaplan-Meier analysis with log-rank test. For identifying incremental values
of PRPGDAc/TAPMac, we performed a sequential Cox analysis and compared the change of global
¥ with the previously mentioned clinical variables. For all statistical tests, a p-value <0.05 was

deemed significant.

RESULTS



Patient Characteristics

The clinical, laboratory, and echocardiographic parameters of the patients are summarized in Table
1. Among the 127 patients, LV dilation (LV end-diastolic volume index >74 mL/m? for males, >61
mL/m? for females) was present in 67 (53%) patients; LV hypertrophy (LV mass index >115 g/m?
for males, >95 g/m? for females) was present in 99 patients (78%), reduced LV systolic function
(LV ejection fraction <40%) was present in 65 patients (51%), elevated estimated pulmonary artery
pressure (TRPG >31 mmHg) was present in 32 patients (25%), and decreased RV systolic function
(TAPSE <16 mm) was present in 36 patients (28%).

During a follow-up of 2 years, the primary endpoint occurred in 58 of the 127 patients (46%),
which included cardiac death (n=1), readmissions for acute decompensation (n=24), and increased
diuretics due to worsening HF (n=33). In the group of 58 patients with the primary endpoint, the
values of systolic blood pressure (SBP), cholinesterase level, TAPSE, and TAPMac were
significantly smaller, and the proportions of NYHA functional classification >III, natural log-
transformed plasma brain natriuretic peptide (BNP) level (Log-BNP), LA volume index, E/A, E/e’,
the proportion of ASE diastolic function grade >II, TRPG, TAPSE/PASP, PRPGDac, and
PRPGDAc/TAPMac were significantly greater than those of the patients without the primary

endpoint.

The Prognostic Value of Non-invasive RV Operating Stiffness

The results of the univariable and multivariable Cox regression analyses are summarized in Table
2 and Table 3. In the univariable analysis, the SBP, proportion of NYHA functional classification
>I1I, cholinesterase level, Log-BNP, LA volume index, proportion of ASE diastolic function grade
>[I, TRPG, TAPSE, TAPSE/PASP, and PRPGDAc/TAPMac were significantly associated with the

primary endpoint. In the multivariable analyses, in which the parameters showing p-values <0.05



in the univariable Cox regression analysis were incorporated as explanatory variables,
PRPGDAc/TAPMac remained as a significant independent predictor of the primary endpoint in all
models. The Kaplan-Meier analysis showed that the >0.6 PRPGDac/TAPMac group (n=21) was at
significantly higher risk of the composite events compared to the <0.6 PRPGDac/TAPMac group
(n=106), p<0.001 (Fig. 3).

In the sequential Cox analysis for predicting the occurrence of the primary endpoint, the
addition of PRPGDAc/TAPMac to the model including age, sex, NYHA functional classification,
Log-BNP, LV mass index, LV ejection fraction (LVEF), ASE diastolic function grade, and TAPSE

significantly improved the predictive power for prognosis (Fig. 4).

DISCUSSION

The results of our present analyses demonstrated that the PRPGDac/TAPMac, an
echocardiographic index reflecting RV stiffness, could independently predict the prognosis of
patients with chronic HF, and we observed that the patients with a PRPGDac/TAPMac value >0.6
experienced poor prognoses compared to those with a value <0.6. In addition, PRPGDac/TAPMac
showed an incremental prognostic value over RV systolic function assessed by TAPSE. To our
knowledge, this is the first study to demonstrate that augmented RV stiffness was associated with

poor prognosis in patients with chronic HF.

Importance of Assessing RV Stiffness
Several investigators reported that the HF patients with RV systolic dysfunction have a worse
prognosis compared to those without it [8—10]. The chronic increase in the RV afterload due to an

increase in the pulmonary artery pressure caused by chronically elevated LA pressure was thought



10

to lead to RV systolic dysfunction [15-17]. Trip et al. reported that in patients with pulmonary
arterial hypertension, the RV diastolic stiffness index (calculated from an RV pressure-volume loop
analysis using cardiac catheterization and cardiac magnetic resonance imaging [CMR]) had more
predictive value than the CMR-derived RV ejection fraction [11]. In the present study, TAPSE, one
of the indices of RV systolic function, and TAPSE/PASP, an index of RV-PA coupling, were
significant predictors of patient prognosis in the univariable analysis but were not selected as an
independent predictor in the multivariate analysis. In contrast, PRPGDac/TAPMac remained as an
independent predictor in the multivariable Cox regression analysis. These results suggest that,
consistent with the aforementioned study, RV stiffness may be a better predictor of prognosis for
patients with HF than the patients' RV systolic function.

Because increased RV stiftness is considered to be strongly related to increased right atrial
pressure, an increase in right ventricular stiffness would be useful for detecting patients at high risk
of venous congestion, regardless of whether the patient's TAPSE is reduced or not. For example,
in patients without obvious HF symptoms but with abnormally increased RV stiffness, greater
venous return to the heart caused by exercise or an excessive circulatory volume overload may
cause increased RV end-diastolic pressure and RA pressure, resulting in systemic congestion and
organ dysfunction [18-20]. We thus speculate that these factors may be the reasons why the
prognostic value of increased right ventricular stiffness in the present study was superior to that of

TAPSE.

Importance of non-invasive assessment of RV stiffness
The most established method to assess RV stiffness is the determination of the RV end-diastolic
pressure-volume relationship [11,21-23]; however, this method requires an invasive pressure

measurement and has a limitation of repeatability [24]. The ratio of the late-diastolic RV pressure
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increase to the volume increase is considered to be a measure of RV operating stiffness, but this
method still requires pressure measurement by cardiac catheterization [25]. Especially for patients
with HF, an easily obtained and repeatable method is desirable because the hemodynamic
parameters are variable depending on the patient's condition. We recently proposed a completely
noninvasive index of RV operating stiffness, i.e., PRPGDac/TAPMac, which is derived by using
the echocardiographic PR velocity waveform and the tricuspid annular movement during atrial
contraction. The PR waveform reflects the diastolic pressure difference between PA and RV, thus,
PRPGDac would have reflected the RV pressure increase during the atrial contraction [26]. The
tricuspid annular movement reflects RV volume change because RV longitudinal shortening has
been recognized as an important factor determining RV contraction [27]. Actually, in an earlier
investigation of 81 patients with varying cardiovascular diseases, the PRPGDac was well
correlated with invasively measured RV pressure increase (APac) (r=0.84, p<0.001), TAPMac was
with atrial systolic RV volume increase (AVac) (r=0.69, p<0.001). Finally, the PRPGDac/TAPMac
was well correlated with the index of RV operating stiffness (APac/AVac) and RV end-diastolic
pressure (r=0.84, p<0.001 and r<0.80, p<0.001, respectively), and it showed excellent diagnostic
performance for distinguishing patients with increased RV end-diastolic pressure [12]. Using the
PRPGDAc/TAPMac allows the repeated assessment of RV operating stiffness and has a high cost-
effectiveness ratio. We thus propose that this index will be useful for the assessment of RV stiffness
in patients with HF.

Recently, Tello et al. performed a precise study that revealed the relationship between cardiac
CMR-derived RV strain parameter (ratio of RV global longitudinal strain to RV end-diastolic
volume index) and the invasive pressure-volume loop-derived RV diastolic stiffness parameter in
patients with pre-capillary pulmonary hypertension [28]. This parameter may also be useful in HF

patients. However, because several patients with cardiomyopathy or inferior myocardial infarction
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have RV systolic dysfunction despite the absence of pulmonary hypertension, and this might affect
the relationships between the RV strain parameter and RV stiffness. Further studies are required to
determine whether CMR-derived RV strain parameters are also useful in assessing RV stiftness in

patients with HF.

The Incremental Value of Assessing RV stiffness

The plasma BNP level and ASE diastolic function grade have been reported to be useful for
evaluating hemodynamics and predicting the prognosis in patients with HF [1,29—34]. The BNP
level reflects the magnitude of the hemodynamic ventricular load [35-39], and the current ASE
diastolic function grade focuses mainly on detecting elevated LV filling pressure [1]. Although
these indices are useful for assessing worsening left HF, they are not suitable for detecting RV
dysfunction. Our present findings demonstrate that in addition to detecting left-sided cardiac
dysfunction with conventional echocardiographic indices and the BNP level, the detection of
increased RV stiffness using PRPGDAc/TAPMac significantly improves the predictive power for
the risk of the development of worsening HF (Fig. 4).

The evaluation of PRPGDac/TAPMac in addition to conventional indices during
echocardiography at HF patients' time of discharge or outpatient follow-up may provide more
accurate discrimination of patients at a high risk of worsening HF who have increased RV stiffness
but no RV systolic dysfunction. Intensified treatment and careful monitoring of such patients may

help avoid the occurrence of cardiac events.

Limitations
There were several limitations to the present study. Firstly, the PRPGDaAc/TAPMac cannot be

measured when the PR waveform cannot be obtained. In this retrospective study, the rate of PR
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waveform acquisition was 127 of 167 patients (76%). This rate might be improved if we had
conducted a prospective study, but the existence of some unmeasurable patients is still a limitation
of the new PRPGDac/TAPMac method. In addition, this method cannot be applied to patients
without effective atrial contraction or synchronized atrial activity due to arrhythmias such as atrial
fibrillation, atrial flutter, and complete atrioventricular block. Secondly, we confirmed the
relationship of the PRPGDac/TAPMac to late-diastolic RV pressure increase per volume increase
and RVEDP in the previous study. However, these are load-dependent indices and do not represent
the gold standard RV stiff index, EDPVR, assessed from the invasive pressure-volume loop. A
further study assessing the relationship between the PRPGDac/TAPMac and EDPVR is desirable.
Thirdly, the number of subjects was small, and the results were from a single institution. Finally,
in this retrospective analysis, 58 patients experienced the primary endpoint, and more than half of
the events were a soft endpoint (increased diuretics due to worsening HF). We confirmed that in
all of the patients who experienced this event, it was driven by weight gain or increased shortness
of breath during regular visits. However, it should be noted that the decision to increase the diuretic

dose was left up to the attending physicians and may not be a uniform criterion.

CONCLUSION
The PRPGDAc/TAPMac, a completely noninvasive index of RV operating stiffness, was more

useful in predicting the prognosis in patients with chronic HF than the RV systolic function.

Compliance with Ethical Standards

Conflicts of Interest: Nothing to disclose.



14

Ethics approval: This study was carried out according to the principles of the Declaration of
Helsinki and was approved as a retrospective observational study by both the Research Ethics
Committee of Hokkaido University Hospital and the Ethics Committee of the Faculty of Health
Sciences at Hokkaido University. Instead of obtaining informed consent, the program of the present
study had been open to the public both through the Internet home page and on the bulletin board
of Hokkaido University Hospital; patients who did not wish to participate could request that their

data be deleted from the study at any time.



15

REFERENCES

1.

Nagueh SF, Smiseth OA, Appleton CP, Byrd BF 3rd, Dokainish H, Edvardsen T, Flachskampf
FA, Gillebert TC, Klein AL, Lancellotti P, Marino P, Oh JK, Popescu BA, Waggoner AD (2016)
Recommendations for the evaluation of left ventricular diastolic function by echocardiography:
An update from the American Society of Echocardiography and the European Association of
Cardiovascular Imaging. J Am Soc Echocardiogr 29:277-314.

Hadano Y, Murata K, Liu J, Oyama R, Harada N, Okuda S, Hamada Y, Tanaka N, Matsuzaki
M (2005) Can transthoracic Doppler echocardiography predict the discrepancy between left
ventricular end-diastolic pressure and mean pulmonary capillary wedge pressure in patients
with heart failure? Circ J 69:432-438.

Grossman W, Stefadouros MA, McLaurin LP, Rolett EL, Young DT (1973) Quantitative
assessment of left ventricular diastolic stiffness in man. Circulation 47:567-574.---

Ambrose JA, Teichholz LE, Meller J, Weintraub W, Pichard AD, Smith H Jr, Martinez EE,
Herman MV (1979) The influence of left ventricular late diastolic filling on the A wave of the
left ventricular pressure trace. Circulation 60:510-519.

Rossvoll O, Hatle LK (1993) Pulmonary venous flow velocities recorded by transthoracic
Doppler ultrasound: relation to left ventricular diastolic pressures. J Am Coll Cardiol 21:1687-
1696.

Dini FL, Michelassi C, Micheli G, Rovai D (2000) Prognostic value of pulmonary venous flow
Doppler signal in left ventricular dysfunction: contribution of the difference in duration of
pulmonary venous and mitral flow at atrial contraction. J Am Coll Cardiol 36:1295-1302.
Okada K, Kaga S, Abiko R, Murayama M, Hioka T, Nakabachi M, Yokoyama S, Nishino H,
Ichikawa A, Abe A, Nishida M, Asakawa N, Tsujinaga S, Hayashi T, Iwano H, Yamada S,

Masauzi N, Mikami T (2018) Novel echocardiographic method to assess left ventricular



10.

11.

12.

13.

16

chamber stiffness and elevated end-diastolic pressure based on time-velocity integral
measurements of pulmonary venous and transmitral flows. Eur Heart J Cardiovasc Imaging
19:1260-1267.

Meyer P, Filippatos GS, Ahmed MI, Iskandrian AE, Bittner V, Perry GJ, White M, Aban IB,
Mujib M, Dell'ltalia LJ, Ahmed A (2010) Effects of right ventricular ejection fraction on
outcomes in chronic systolic heart failure. Circulation 121:252-258.

Mohammed SF, Hussain I, AbouEzzeddine OF, Takahama H, Kwon SH, Forfia P, Roger VL,
Redfield MM (2014) Right ventricular function in heart failure with preserved ejection fraction:
a community-based study. Circulation 130:2310-2320.

Bosch L, Lam CSP, Gong L, Chan SP, Sim D, Yeo D, Jaufeerally F, Leong KTG, Ong HY, Ng
TP, Richards AM, Arslan F, Ling LH (2017) Right ventricular dysfunction in left-sided heart
failure with preserved versus reduced ejection fraction. Eur J Heart Fail 19:1664-1671.

Trip P, Rain S, Handoko ML, van der Bruggen C, Bogaard HJ, Marcus JT, Boonstra A,
Westerhof N, Vonk-Noordegraaf A, de Man FS (2015) Clinical relevance of right ventricular
diastolic stiffness in pulmonary hypertension. Eur Respir J 45:1603-1612.

Murayama M, Okada K, Kaga S, Iwano H, Tsujinaga S, Sarashina M, Nakabachi M, Yokoyama
S, Nishino H, Nishida M, Shibuya H, Masauzi N, Anzai T, Mikami T (2019) Simple and
noninvasive method to estimate right ventricular operating stiffness based on
echocardiographic pulmonary regurgitant velocity and tricuspid annular plane movement
measurements during atrial contraction. Int J Cardiovasc Imaging 35:1871-1880.

Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, Flachskampf FA, Foster
E, Goldstein SA, Kuznetsova T, Lancellotti P, Muraru D, Picard MH, Rietzschel ER, Rudski L,
Spencer KT, Tsang W, Voigt JU (2015) Recommendations for cardiac chamber quantification

by echocardiography in adults: an update from the American Society of Echocardiography and



14.

15.

16.

17.

18.

19.

20.

17

the European Association of Cardiovascular Imaging. J Am Soc Echocardiogr 28:1-39.e14.
Kaul S, Tei C, Hopkins JM, Shah PM (1984) Assessment of right ventricular function using
two-dimensional echocardiography. Am Heart J 107:526-531.

Gali¢ N, Humbert M, Vachiery JL, Gibbs S, Lang I, Torbicki A, Simonneau G, Peacock A,
Vonk Noordegraaf A, Beghetti M, Ghofrani A, Gomez Sanchez MA, Hansmann G, Klepetko
W, Lancellotti P, Matucci M, McDonagh T, Pierard LA, Trindade PT, Zompatori M, Hoeper M
(2016) 2015 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension:
The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the
European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed
by: Association for European Paediatric and Congenital Cardiology (AEPC), International
Society for Heart and Lung Transplantation (ISHLT). Eur Heart J 37:67-119.

Tello K, Wan J, Dalmer A, Vanderpool R, Ghofrani HA, Naeije R, Roller F, Mohajerani E,
Seeger W, Herberg U, Sommer N, Gall H, Richter MJ (2019) Validation of the tricuspid annular
plane systolic excursion/systolic pulmonary artery pressure ratio for the assessment of right
ventricular-arterial coupling in severe pulmonary hypertension. Circ Cardiovasc Imaging
12:¢009047.

MacNee W (1994) Pathophysiology of cor pulmonale in chronic obstructive pulmonary disease.
Part One. Am J Respir Crit Care Med 150:833-852.

Mullens W, Abrahams Z, Francis GS, Sokos G, Taylor DO, Starling RC, Young JB, Tang WHW
(2009) Importance of venous congestion for worsening of renal function in advanced
decompensated heart failure. J Am Coll Cardiol 53:589-596.

Xanthopoulos A, Starling RC, Kitai T, Triposkiadis F (2019) Heart failure and liver disease:
cardiohepatic interactions. JACC Heart Fail 7: 8§7-97.

Ronco C, Haapio M, House AA, Anavekar N, Bellomo R (2008) Cardiorenal syndrome. J Am



21.

22.

23.

24.

25.

26.

18

Coll Cardiol 52:1527-1539.

Redington AN, Gray HH, Hodson ME, Rigby ML, Oldershaw PJ (1988) Characterisation of
the normal right ventricular pressure-volume relation by biplane angiography and simultaneous
micromanometer pressure measurements. Br Heart J 59:23-30.

Brimioulle S, Wauthy P, Ewalenko P, Rondelet B, Vermeulen F, Kerbaul F, Naeije R (2003)
Single-beat estimation of right ventricular end-systolic pressure-volume relationship. Am J
Physiol Heart Circ Physiol 284:H1625-H1630.

Klotz S, Hay I, Dickstein ML, Yi GH, Wang J, Maurer MS, Kass DA, Burkhoff D (2006)
Single-beat estimation of end-diastolic pressure-volume relationship: a novel method with
potential for noninvasive application. Am J Physiol Heart Circ Physiol 291: H403-H412.
Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr, Colvin MM, Drazner MH, Filippatos
GS, Fonarow GC, Givertz MM, Hollenberg SM, Lindenfeld J, Masoudi FA, McBride PE,
Peterson PN, Stevenson LW, Westlake C (2017) 2017 ACC/AHA/HFSA Focused Update of the
2013 ACCF/AHA guideline for the management of heart failure: a report of the American
College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines
and the Heart Failure Society of America. Circulation 136:¢137-161.

Otsuji Y, Kisanuki A, Toyonaga K, Hamasaki S, Arima S, Nakao S, Okino H, Toda H, Akiba S,
Tanaka H (1996) Right ventricular stiffness measured by a new method without volume
estimation in coronary artery disease. Am J Cardiol 78:298-303.

Murayama M, Mikami T, Kaga S, Okada K, Hioka T, Masauzi N, Nakabachi M, Nishino H,
Yokoyama S, Nishida M, Iwano H, Sakakibara M, Yamada S, Tsutsui H (2017) Usefulness of
the continuous-wave Doppler-derived pulmonary arterial-right ventricular pressure gradient
just before atrial contraction for the estimation of pulmonary arterial diastolic and wedge

pressures. Ultrasound Med Biol 43:958-966.



217.

28.

29.

30.

31.

32.

33.

19

Carlsson M, Ugander M, Heiberg E, Arheden H (2007) The quantitative relationship between
longitudinal and radial function in left, right, and total heart pumping in humans. Am J Physiol
Heart Circ Physiol 293:636—644

Tello K, Dalmer A, Vanderpool R, Ghofrani HA, Naeije R, Roller F, Seeger W, Wilhelm J, Gall
H, Richter MJ (2019) Cardiac magnetic resonance imaging-based right ventricular strain
analysis for assessment of coupling and diastolic function in pulmonary hypertension. JACC
Cardiovasc Imaging 12:2155-2164.

Nauta JF, Hummel YM, van der Meer P, Lam CSP, Voors AA, van Melle JP (2018) Correlation
with invasive left ventricular filling pressures and prognostic relevance of the
echocardiographic diastolic parameters used in the 2016 ESC heart failure guidelines and in
the 2016 ASE/EACVI recommendations: a systematic review in patients with heart failure with
preserved ejection fraction. Eur J Heart Fail 20:1303-1311.

Machino-Ohtsuka T, Seo Y, Ishizu T, Hamada-Harimura Y, Yamamoto M, Sato K, Sai S,
Sugano A, Obara K, Yoshida I, Nishi I, Aonuma K, leda M (2019) Clinical utility of the 2016
ASE/EACVI recommendations for the evaluation of left ventricular diastolic function in the
stratification of post-discharge prognosis in patients with acute heart failure. Eur Heart J
Cardiovasc Imaging 20:1129-1137.

Yu CM, Sanderson JE (1999) Plasma brain natriuretic peptide: an independent predictor of
cardiovascular mortality in acute heart failure. Eur J Heart Fail 1:59-65.

Doust JA, Pietrzak E, Dobson A, Glasziou P (2005) How well does B-type natriuretic peptide
predict death and cardiac events in patients with heart failure: systematic review. BMJ 330:625.
Mueller C, McDonald K, de Boer RA, Maisel A, Cleland JGF, Kozhuharov N, Coats AJS,
Metra M, Mebazaa A, Ruschitzka F, Lainscak M, Filippatos G, Seferovic PM, Meijers WC,

Bayes-Genis A, Mueller T, Richards M, Januzzi JL Jr; Heart Failure Association of the



34.

35.

36.

37.

38.

39.

20

European Society of Cardiology (2019) Heart Failure Association of the European Society of
Cardiology practical guidance on the use of natriuretic peptide concentrations. Eur J Heart Fail
21:715-731.

Wang Y, Zhang R, Huang Y, Zhai M, Zhou Q, An T, Huang Y, Zhao X, Tian P, Zhang Y, Zhang
J (2019) Combining the use of amino-terminal pro-B-type natriuretic peptide and B-type
natriuretic peptide in the prognosis of hospitalized heart failure patients. Clin Chim Acta 491:
8-14.

Nakao K, Ogawa Y, Suga S, Imura H (1992) Molecular biology and biochemistry of the
natriuretic peptide system. I: Natriuretic peptides. J Hypertens 10:907-912.

Yoshimura M, Yasue H, Okumura K, Ogawa H, Jougasaki M, Mukoyama M, Nakao K, Imura
H (1993) Different secretion patterns of atrial natriuretic peptide and brain natriuretic peptide
in patients with congestive heart failure. Circulation 87:464-469.

Yasue H, Yoshimura M, Sumida H, Kikuta K, Kugiyama K, Jougasaki M, Ogawa H, Okumura
K, Mukoyama M, Nakao K (1994) Localization and mechanism of secretion of B-type
natriuretic peptide in comparison with those of A-type natriuretic peptide in normal subjects
and patients with heart failure. Circulation 90: 195-203.

Weber M, Hamm C (2006) Role of B-type natriuretic peptide (BNP) and NT-proBNP in clinical
routine. Heart 92:843-849.

Maisel AS, Nakao K, Ponikowski P, Peacock WF, Yoshimura M, Suzuki T, Tsutamoto T,
Filippatos GS, Saito Y, Seino Y, Minamino N, Hirata Y, Mukoyama M, Nishikimi T, Nagai R

(2011) Japanese-Western consensus meeting on biomarkers. Int Heart J 52:253-265.



Table 1. Patient characteristics
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All patients Without endpoint With endpoint
Variables p-value
(n=127) (n=69) (n=58)
Baseline characteristics:
Age, yrs 64+15 64+16 64+15 0.92
Male/female 83/44 47/22 36/22 0.48
BSA, m? 1.60+0.20 1.63+£0.22 1.574£0.18 0.10
BMI, kg/m? 22.0+£3.7 22.6+3.7 21.443.5 0.054
SBP, mmHg 108+18 112+18 103£16 0.004
Heart rate, bpm 64+12 65+12 62+11 0.15
NYHA functional classification >III, n, % 7 (6) 1(1) 6 (10) 0.04
Ischemic heart disease, n, % 36 (28) 19 (28) 17 (29) 0.83
Laboratory findings:
Hemoglobin, g/dL 12.3+1.8 12.4+1.9 12.2+1.8 0.46
Albumin, g/dL 3.9 (3.54.2) 3.9 (3.64.2) 3.8 (3.5-3.8) 0.41
Cholinesterase, U/L 261+78 276+80 243472 0.02
Creatinine, mg/dL 0.86 (0.71-1.20) 0.86 (0.72-1.17) 0.90 (0.71-1.23) 0.82
Sodium, mEq/L 13844 13943 138+4 0.09
HbAlc, % 6.0+0.8 6.1+0.7 6.0+0.8 0.47
BNP, pg/mL 193 (83-444) 107 (57-232) 347 (158-531) <0.001
Echocardiography:
LV end-diastolic volume index, mL/m? 89+48 84+43 94453 0.25
LV mass index, g/m? 129 (112-159) 131 (110-154) 127 (113-174) 0.64
LVEF, % 41£17 41+17 40£17 0.91



Left atrial volume index, mL/m?

E/A

E/e’

ASE diastolic function grade >II, n, %
Mitral regurgitation >moderate, n, %
Tricuspid regurgitation >moderate, n, %
RV end-diastolic basal dimension, mm
TAPSE, mm

RV fractional area change, %

Right atrial area index, cm?/m?

Inferior vena cava dimension, mm
Estimated right atrial pressure >8 mmHg, n, %
TRPG, mmHg

TAPSE/PASP, mm/mmHg

PRPGpea, mmHg

PRPGDac, mmHg

TAPMac, mm

PRPGDAc/TAPMac, mmHg/mm

48 (37-60)
1.0 (0.7-1.8)
13.646.6
58 (46)
29 (23)
11 (9)
3847
20+6
38+11
10.242.6
1344
15 (12)
28+12
0.65+0.27
74
2.9+1.6
9.0+3.3

0.36+0.27

44 (36-55)
0.8 (0.6-1.2)
12.546.1
21 (30)
16 (23)
34)
3947
2146
38411
9.942.6
1343
5(7)
2449
0.57+0.26
T4
2.6+1.7
10.143.4

0.27+0.19

55 (42-74)
1.6 (0.9-2.6)
15.047.0
37 (64)
13 (22)
8 (14)
3848
1845
37+10
10.6£2.6
1344
10 (17)
31+13
0.73+0.26
8+4
3.0+1.5
77428

0.48+0.30

22

0.007

<0.001

0.046

<0.001

0.99

0.07

0.51

0.02

0.62

0.15

0.35

0.08

0.005

0.001

0.16

0.03

<0.001

<0.001

The primary endpoint was defined as the composite of cardiac death, readmission for acute decompensation

of heart failure, and increased diuretics dose due to worsening heart failure. ASE: American Society of

Echocardiography, BMI: body mass index, BSA: body surface area, E/A: ratio of the peak early-diastolic

and peak atrial systolic transmitral flow velocities, E/e’: ratio of the peak early-diastolic transmitral flow

velocity and the peak early-diastolic mitral annular velocity, HbAlc: hemoglobin Alc, Log-BNP: common

log-transformed plasma brain natriuretic peptide, LV: left ventricular, LVEF: left ventricular ejection

fraction, NYHA: New York Heart Association, PRPGDac: pulmonary regurgitation pressure gradient

difference during atrial contraction, PRPGyprea: end-diastolic pulmonary artery-right ventricular pressure
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gradient, RV: right ventricular, SBP: systolic blood pressure, TAPMac: tricuspid annular plane movement
during atrial contraction, TAPSE: tricuspid annular plane systolic excursion, TAPSE/PASP: ratio of the
TAPSE to pulmonary artery systolic pressure, TRPG: systolic right ventricular-right atrial pressure gradient.



Table 2. Univariate Cox regression analysis results
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Variables v HR (95%CI) p-value
Age 0.002 1.00 (0.98-1.02) 0.97
Sex 0.74 0.79 (0.47-1.35) 0.39
BSA 2.76 0.35(0.10-1.21) 0.10
BMI 3.28 0.93 (0.86-1.01) 0.07
SBP 6.76 0.98 (0.96-0.99) 0.009
Heart rate 1.76 0.98 (0.96-1.01) 0.19
NYHA functional classification >III 11.5 4.50 (1.89-10.8) 0.001
Ischemic heart disease 0.02 0.96 (0.54-1.69) 0.88
Hemoglobin 1.63 0.91 (0.79-1.05) 0.20
Albumin 0.56 0.84 (0.53-1.33) 0.46
Cholinesterase 5.13 0.996 (0.992—-0.999) 0.024
Creatinine 0.26 1.10 (0.77-1.55) 0.61
Sodium 2.22 0.95 (0.89-1.02) 0.14
HbAlc 0.77 0.85 (0.59-1.23) 0.85
Log-BNP 16.3 1.73 (1.33-2.25) <0.001
LV end-diastolic volume index 1.22 1.00 (0.99-1.01) 0.27
LV mass index 1.83 1.01 (0.998-1.01) 0.18
LVEF 0.22 1.00 (0.99-1.02) 0.64
Mitral regurgitation >moderate 0.02 1.05 (0.57-1.95) 0.88
Tricuspid regurgitation >moderate 3.56 2.06 (0.97-4.34) 0.059
ASE diastolic function grade >II 16.0 3.06 (1.77-5.28) <0.001
RV end-diastolic basal dimension 0.43 0.99 (0.95-1.03) 0.51
TAPSE 4.56 0.95 (0.90-0.996) 0.03
RV fractional area change 0.20 1.00 (0.97-1.02) 0.66
Right atrial area index 2.84 1.08 (0.98-1.19) 0.09
Estimated right atrial pressure 2.71 1.12 (0.98-1.29) 0.10
TAPSE/PASP 10.1 0.15 (0.05-0.49) 0.002
PRPGDac/TAPMac 18.5 4.25 (2.20-8.21) <0.001

Abbreviations are the same as in Table 1.



Table 3. Multivariate Cox regression analysis results
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Model 1 Model 2 Model 3 Model 4 Model 5
Variables HR HR HR HR HR
e p ¥ p 7 J
(95%CTI) (95%CI) (95%CTI) (95%CI) (95%CI)
1.06 1.04 1.05 1.03 1.05
Age, per 5 yrs 1.60 0.21 0.71 0.32 046 0.50
(0.97-1.17) (0.95-1.14) (0.96-1.15) (0.94-1.13) (0.97-1.15)
0.80 0.79 0.83 0.84 0.85
SBP, per 10 mmHg 4.95 0.03 6.75 0.009 4.01 0.045 3.23 0.07
(0.66-0.97) (0.66-0.94) (0.70-0.99) (0.70-1.02) (0.71-1.02)
NYHA functional 3.27
4.99 0.03
classification >III (1.16-9.25)
Cholinesterase, per 0.97
2.10
10 U/L (0.94-1.01)
Log-BNP, 1.49
0.008
per 1 pg/mL (1.11-2.01)
ASE diastolic 2.13
5.79 0.02
function grade >II (1.15-3.94)
TAPSE/PASP, per 0.1 0.87
mm/mmHg (0.74-1.03)
0.97 0.98 0.98 0.98 1.02
TAPSE, per 1| mm 1.01 0.32 0.74 0.38 0.35 0.56
(0.92-1.03) (0.92-1.03) (0.92-1.03) (0.93-1.04) (0.95-1.10)
PRPGDAc/TAPMac, 1.17 <0. 1.12 1.10 1.11 1.12
18.8 8.83 0.01 7.97 0.005
per 0.1 mmHg/mm (1.09-1.26) 001 (1.04-1.21) (1.02-1.19) (1.03-1.20) (1.03-1.21)

Abbreviations are the same as in Table 1.
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Figure Legends

Fig. 1. Inclusion and exclusion criteria for the study subjects.

Fig. 2. Measurement of right ventricular operating stiffness index by echocardiography. A:
Atrial systolic dip in the pulmonary regurgitation velocity waveform obtained by continuous-wave
Doppler echocardiography (PRPGDac). B: Tricuspid annular plane movement during atrial
contraction obtained by M mode echocardiography (TAPMac). The index of right ventricular

operating stiffness was calculated by dividing A by B (PRPGDac/TAPMac).

Fig. 3. Kaplan-Meier analysis for the composite outcome of cardiac death, readmission for
acute decompensation of heart failure, and increased diuretic dose due to worsening heart

failure.

Fig. 4. Sequential Cox analysis of right ventricular stiffness index in predicting cardiac events.
Model 1: age, sex, NYHA functional classification, Log-BNP. Model 2: Model 1+LVMI, LVEF.
Model 3: Model 2+ASE diastolic function grade. Model 4: Model 3+TAPSE. Model 5: Model

4+PRPGDAc/TAPMac.
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Figure 3
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