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Right ventricular (RV) function is the major determinant of mortality in patients with pulmonary arterial
hypertension (PAH). As a result, much of recent research has focused on right ventricular–pulmonary
arterial coupling and, specifically, RV systolic function. As research on diastolic RV and right atrial
function is beginning to emerge, the effect of the venous system on right ventricular function has been
largely ignored. While observations regarding the effect of right ventricular function on venous return date
to Aristotle (circa 380 BC), one of the earliest pathological descriptions came in 1873 when Kussmaul
described a paradoxical rise in jugular venous pressure during inspiration in constrictive pericarditis [1–3].
This phenomenon can be explained by venous backflow in the setting of an elevated right atrial pressure
and a noncompliant RV. To this day the determinants of venous backflow have yet to be worked out, but
there is a strong clinical relevance, including the effects on RV workload and venous congestion mediated
hepatic and renal dysfunction [4, 5].

With normal right ventricular function, ventricular contraction results in the movement of blood from the
ventricle into the pulmonary circulation for oxygenation and subsequent delivery to the rest of the body
(figure 1a). Invasive assessments of normal venous blood flow in dogs and healthy individuals
demonstrate that the flow is remarkably pulsatile [1, 6]. Venous blood flow to the heart is slowed during
atrial systole and increases during ventricular systole [6]. Tricuspid insufficiency is one of the
pathophysiological conditions that can lead to vena cava backflow. In an early study of vena cava blood
flow, WEXLER et al. [6] observed marked backflow instead of forward flow during ventricular systole in a
patient with tricuspid insufficiency. More contemporary evidence of this comes from cardiac magnetic
resonance (CMR) imaging studies of patients with PAH and severe tricuspid regurgitation, where
volumetric assessment of stroke volume (difference between RV end-diastolic volume and end-systolic
volume) overestimates cardiac output compared to pulmonary artery and aortic flow measurements [7, 8].
These differences were not observed in healthy volunteers or patients with mild tricuspid regurgitation
suggesting that increasing tricuspid regurgitation can be a contributor to backflow into the right atrium
from the RV. The contribution of right atrial contraction to venous backflow remains unknown.
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In this issue of the European Respiratory Journal, MARCUS et al. [9] report a detailed analysis of vena cava
backflow in 62 patients with PAH. Using CMR to quantify venous flow in the superior and inferior vena
cava, the authors found average backflow (Fb) was 12% of forward flow (Ff), and in one third of patients,
backflow fraction (Fb/Ff) exceeded 20% (figure 1b). The maximum backflow occurred at the end of the
cardiac cycle that corresponds to the atrial contraction rather than the tricuspid regurgitation. An
important and novel finding of their study is that atrial contraction is the major determinant of backflow
in the vena cava, accounting for 93% of total venous backflow as compared to tricuspid regurgitation. Of
great clinical relevance is that backflow fraction significantly and strongly correlated with some of the best
current predictors of clinical outcomes in patients with PAH, including stroke volume (−0.61, p<0.001),
RV ejection fraction (−0.61, p<0.001), and RV end-systolic volume (0.59, p<0.001) [10, 11]. Furthermore,
parameters of diastolic stiffness and right atrial function had the highest correlation to venous back flow
including right atrial pressure (0.77, p<0.001), RV end-diastolic pressure (0.77, p<0.001), and RV
end-diastolic elastance (0.65, p<0.001).

Previous research has largely focused on cardiopulmonary interactions, including systolic RV function and
the adaptation of the RV to increased afterload, while little research has focused on atrio-ventricular
interactions (figure 1a) [11]. In response to increased afterload in pulmonary hypertension, the right
ventricle will increase contractility to maintain the end-systolic to arterial elastance ratio (Ees/Ea) or
coupling [12, 13]. During this compensated phase, the RV has considerable reserve so that Ees/Ea and RV
ejection fraction have to decrease by 50% and >40%, respectively, before there is a rapid progressive increase
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FIGURE 1 a) In the normal cardiovascular system, blood flows from the systemic organs through the superior
and inferior vena cava to the right atrium (RA) and right ventricle (RV) before entering the pulmonary
circulation. In the pathophysiology of pulmonary hypertension it is important to consider the factors that
contribute to the ventricular–arterial coupling, atrio-ventricular interactions and finally the veno-atrial
interactions. b) Backwards flow is defined as the total backwards flow (Fb) in the superior vena cava (SVC)
and the inferior vena cava (IVC). Forward flow (Ff) is the total net forward flow into the right atrium from the
SVC and IVC. The backward fraction is the ratio of the backflow and forward flow (Fb/Ff). Only 7% of the
measured backward flow was measured during ventricular systole when there could be tricuspid
regurgitation (TR). The majority of the backward flow occurred during ventricular diastole corresponding to
atrial contraction/atrial kick (AK). CO: cardiac output.
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in end-diastolic volume and poor prognosis [14]. RV end-diastolic elastance or stiffness is emerging as an
important clinical predictor of outcomes. An increase in RV diastolic stiffness significantly associates
with increased mortality and lung transplantation in patients with pulmonary hypertension [10, 15].
A significant decrease in RV diastolic stiffness has been found in patients on 3 months of intravenous
prostacyclin therapy PAH [16]. These clinical methods to assess RV diastolic stiffness rely on invasive
assessments of RV diastolic pressure and the use of the single-beat method [10, 15, 17], whereas venous
backflow fraction can be measured non-invasively using CMR alone. Few studies have addressed the
“veno-atrial” interactions but recent work investigates the role of right atrial function in PAH using
echocardiography and CMR imaging [18–21]. LENG et al. [18] showed that impaired right atrial function is
associated with decompensated haemodynamics and worse outcomes in patients with PAH [18]. Venous
backflow allows for a complex assessment of the interaction between right atrial function, RV diastolic
function, intravascular volume status and venous congestion in a single non-invasive measurement that are
not provided by current gold standards of right heart failure, such as right atrial pressure and right
ventricular end diastolic pressure.

Novel non-invasive metrics of RV function like venous backflow fraction have the potential to help in
better understanding mechanisms of RV failure and its clinical consequences, but a few important next
steps remain. Venous backflow was only measured in patients with pulmonary hypertension, so it will be
important to establish venal cava flow patterns in normal subjects and define abnormal cut-off values.
Furthermore, it will be imperative to determine if alterations in venous backflow correlate with established
clinical outcomes of morbidity and mortality in pulmonary hypertension. Over half the patients in the
study had an elevated right atrial pressure over 10 mmHg. Given the interplay between right atrial
pressure, RV end-diastolic pressure, and RV stiffness, it will be important to understand whether venous
backflow adds additional prognostic information in patients with a normal right atrial pressure and
normal volume loading. VANDERPOOL et al. [10] recently demonstrated in a cohort of PAH patients that
only stroke volume/end-systolic volume remained a significant predictor of survival after controlling for
right atrial pressure, mean pulmonary artery pressure and stroke volume. Additionally, two-dimensional
phase-contrast magnetic resonance imaging requires pre-defined imaging planes not typically used for
CMR and requires significant technical expertise [22]. Lastly, CMR derived venous backflow fraction
should be compared to Doppler ultrasound derived surrogates of venous backflow including portal vein
and intrarenal vein flow assessments. Increased portal vein pulsatility can easily be measured with portable
ultrasound at the bedside and observational studies suggest correlation with RV failure, and renal and
hepatic dysfunction [4, 23].

Finally, it is important to remember that changes in the veno-atrial interactions do not cause pulmonary
hypertension or right heart failure, but they have the potential to enhance our understanding and provide
important markers of right heart failure. Significant vena cava backflow is potentially important in the
progression of right heart failure, but additional research is necessary. The pathophysiology of RV failure is
complex and better non-invasive biomarkers that associate with RV diastolic function may contribute to
the development of novel treatment strategies targeting the right ventricle. As we look forward, future
research studies can expand their investigations beyond systolic RV function to RV diastolic function and
right atrial function in patients with PAH and other forms of pulmonary hypertension.
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