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Pathophysiology and Functional Assessment of Right Heart Failure
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In pediatric cardiology, many situations require analysis of right ventricular function, but accurate measurement
and evaluation of right ventricular function are not easy. The pathophysiology of right heart failure involves
three mechanisms: pressure overload, volume overload, and myocardial dysfunction. In practice, however,
these mechanisms often overlap to varying degrees. The most frequent and important cause of right ventricular
dysfunction is pulmonary hypertension. Assessment of right ventricular dysfunction due to pulmonary hyper-
tension may serve not only as a prognostic factor in this disease, but also as a baseline study that can be applied
and inferred in other diseases. Thus, assessment of right ventricular dysfunction in pressure overload can serve
as a pivotal study for universal analysis of right ventricular behavior.

In this review, we describe the structure and function of the normal right ventricle, followed by an explanation of
the evaluation method of right ventricular dysfunction. We explain that right ventricular dysfunction includes
not only changes in the contractile function of the right ventricle as a whole, but also impairments in contractile
style, right ventricular-pulmonary coupling, synchrony, interventricular interaction, and diastolic capacity.
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Fig. 1 The arrangement of right ventricular myofibers

(A) A normal heart viewed from the front shows the circumferential to oblique arrangement of the myofibres in the sub-
epicardium. (B) Myofibres lying deeper than the subepicardium retain the circumferential arrangement in the right ventri-
cle but change from oblique to circumferential in the left ventricle. (C) The right ventricle is opened to show the longitu-
dinally arranged subendocardial myofibres. The lower panels depict in simplistic fashion the subepicardial myofibres (D)
and the deeper myofibres (E) in the ventricles of the normal heart. The superficial or subepicardial myofibres are arranged
more or less circumferentially in a direction that parallel to the atrioventricular groove and encircle the subpulmonary
infundibulum. The superficial fibres turn obliquely toward the cardiac apex to cross the interventricular groove and con-
tinue into the superficial myofibres of the left ventricle. The deep myofibres are longitudinally aligned, apex to base.

Ao, aorta; LV, left ventricle; PT, pulmonary trunk; RV, right ventricle; TV, tricuspid valve.

Figure modifies from Ho SY, et al. [ref. 14] with permission.
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Fig. 2 Streamline visualization of all blood flow
involved in one cardiac cycle in LV and RV
in normal subjects

(A) LV direct flow at mid-diastolic phase. Vortex
formation can be visualized. It is reported to con-
tribute to the LV performance. (B) RV (blue) and
LV (red) direct flow at early diastolic filling. The RV
apex was more excluded from flow events than the
apical region of LV. Direct flow in the RV moved
from inflow to outflow with a gradual curvature
around the infundibular septum compared with
the more acute bend in the mid to apical ventricle
observed in the LV. The RV geometry theoretically
allows for an easy intraventricular transit of blood
which does not require sustained vortex formation.
LA, left atrium; LV, left ventricle; RV, right ventricle.
Figure modifies from Fredriksson AG, et al. [ref. 24]
and Eriksson J, et al. [ref. 25], with permission.
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Table 1 Summary of reference limits for recom-
mended measures of right heart struc-
ture and function

Variable Abnormal
Chamber dimensions
RV basal diameter >417mm

RV subcostal wall thickness >5mm

RVOT PSAX distal diameter >2.7cm

RVOT PLAX proximal diameter >3.3cm

RA major dimension >5.3cm

RA minor dimension >4.4cm

RA end-systolic area >18cm?
Systolic function

TAPSE <17mm

Tissue Doppler peak velocity (S") at <9.5cm/s

the annulus

Pulsed Doppler MPI >0.40

Tissue Doppler MPI >0.54

FAC <35%

dP/dt (Doppler-derived) <400mmHg

EF (3D echocardiography) <45%

RV free wall longitudinal strain <20%
Diastolic function

E/A ratio <0.8 or >2.1

E/E’ >6

Deceleration time <120msec

FAC, Fractional area change; MPI, myocardial performance
index; PLAX, parasternal long-axis; PSAX, parasternal
short-axis; RA, right atrium; RV, right ventricle; RVD, right
ventricular diameter; RVOT, right ventricular outflow tract;
TAPSE, tricuspid annular plane systolic excursion.

Table modifies from Rudski LR, et al. [35], and Harjola VP,
et al. [36] with permission.
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Pericardial fluid

Pericardial effusion

RV wall thickness

>5 mm in diastole >5 mm
A B
RV < RV
LV RA
LA
LA

Inferior vena cava
diameter >21 mm,
inspiration collapse
<50% suggests high
RA pressure

(a]

Expiration Inspiration

——

Lv

Tricuspid regurgitation-
peak systolic velocity
of TR >2.8 m/s

E) §

Tricuspid annular plane
systolic excursion
TAPSE <17 mm

RV dilation

RVEDD/LVEDD >1.0
RV basal diameter >41 mm
F

04
Kl E
24
Peak *
velocity
RV fractional area Ventricular Systolic S’ velocity of
change, FAC <35% interdependence: tricuspid annulus

septal shift, D shaped LV

G
Diastole Systole 4 Pressure
overload
RV
RV RV
RA - Systole

<9.5 cm/s by DTI

Volume
overload

RV

Diastole

Longitudinal strain
of RV free wall <20%

Vet

K
HO PR
RV '
r 20 peak
RA H strain P o P

Right ventricular index
of myocardial performance,
RIMP >0.54 by DTI

O E
IVRT

i IVCT +IVRT

3D RV ejection
fraction <45%

EF 40%

EF 15%

Fig. 3 Graphic representation of echocardiographic parameters in the assessment of right ventricular failure
Ao, aorta; DTI, Doppler tissue imaging; EF, ejection fraction; ET, ejection time; FAC, fractional area change; IVC, inferior
vena cava; IVCT, isovolumic contraction time; IVRT, isovolumic relaxation time; LA, left atrium; LV, left ventricle; LVEDD,
left ventricular end-diastolic diameter; RA, right atrium; RIMP, right ventricular index of myocardial performance; RV,
right ventricle; RVEDD, right ventricular end-diastolic diameter; TAPSE, tricuspid annular plane systolic excursion; TR,

tricuspid regurgitation.

Figure modifies from Harjola VP, et al. [ref. 36] with permission.
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Fig. 4 Right ventricular stroke volume in pulmonary hypertension

(A) Comparison of the effect of ejection pressure on ejection fraction in the RV and the LV. Note that for any incremen-
tation ejection pressure, the decrement in ejection fraction is much greater in the RV than in the LV. (B) The pump func-
tion graph relates mean right ventricular pressure and stroke volume and can be obtained by changes in arterial load.
The slopes of the straight lines are pulmonary vascular resistance (PVR). The relationship explains the effect of decreas-
ing the arterial load on pressure and SV. When baseline PVR is high, a decrease in PVR mainly causes an increase in
SV, while at lower baseline PVR the pressure is more affected. PVR, pulmonary vascular resistance.

Figure creates from Haddad F, et al. [ref. 10] and Vonk Noordegraaf A, et al. [ref. 44].
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Fig. 5 Changes of the main parameters in PAH
progression

During the adapted homeometric phase, con-
tractility increases to maintain the ratio Ees/Ea,
but does so insufficiently, so that the Ees/Ea pro-
gressively declines along with an almost parallel
decrease in stoke volume. Later in the process, RV
volume increases, and Ea increases as a result of
the increased heart rate and somewhat increasing
PVR, whereas Ees decreases. heterometric adap-
tation (Starling’s law) is turned on. The ratio Ees/
Ea is decreased, implying uncoupling of heart and
load and a decrease in RV efficiency with rapid
progressive increase in RVEDV and poor prognosis.
PVR, pulmonary vascular resistance; MPAP, mean
pulmonary arterial pressure.

Figure modifies from Vonk Noordegraaf A, et al.
[ref. 43] with permission.
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Fig. 6 Right ventricular-pulmonary arterial coupling
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(A) Pressure-volume loop analysis and estimation of ventriculo-arterial coupling. (B) Information of load-independent
RV diastology can be obtained by Pressure-volume loop analysis, with estimation of the diastolic stiffness constant 8
and end-diastolic elastance. The 8 coefficient is obtained by fitting a nonlinear exponential curve through the diastolic
points at the beginning of diastole and end-diastole (end-diastolic pressure-volume relation, or EDPVR). (C) Methods
for estimation of ventriculo-arterial coupling were shown. The multi-beat method requires obtaining different sets of
pressure-volume loops at decreasing levels of preload. (D) In the single beat method, the RV pressure waveform tracing
is used for estimation of Pmax. (E) In the volumetric method, V, is assumed to be equal to zero, and Ees is estimated
by the ratio of end-systolic pressure to end-systolic volume. EDP, end-diastolic pressure; EDPVR, end-diastolic pres-

sure-volume relationship; RV, right ventricle.

Figure creates from Vonk Noordegraaf A, et al. [ref. 43] and Bernardo RJ, et al. [ref. 45].
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Fig. 7 Mechanical dyssynchrony evaluation for intra- and interventricular analysis

LV intraventricular dyssynchrony was analyzed by strain time-to-peak generated for 6 separate LV segments. RV-LV
interventricular analysis was performed by comparing global LV and RV strain time to peak. LV, left ventricle; RV, right

ventricle.

Figure modifies from Schafer M, et al. [ref. 69] with permission.
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