Right ventricular function in pulmonary
hypertension

The right ventricle has recently attracted a lot of attention, having been shown to have a central function
in overall cardiac performance in heart failure, cardiac surgery and congenital heart disease. Furthermore,
in most of these cases the right ventricle has shown a strong prognostic value, irrespective of other cardiac
disturbances. This has stimulated clinicians and researchers to identify noninvasive markers of right
ventricular dysfunction using various technologies, for example, echocardiography and cardiac MRI. This
review summarizes the role of right ventricular function in pulmonary hypertension and the most reliable

markers of dysfunction, which should be routinely used in managing such cases.
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Normal anatomy of the right
ventricle

The right ventricle (RV) is an important pump
that is characterized by specific anatomical
features. Morphologically, the RV is made up
of three compartments: an inlet, apical and
outflow tract. In addition, the myocardial
fiber architecture of each compartment has a
particular pattern, with the inlet part supported
mainly by longitudinal fibers running from the
apex of the RV to the insertion site, around the
circumference of the tricuspid annulus and the
outflow tract compartment, mainly controlled
by circumferential fibers, which cause narrowing
of the outflow tract in systole [1]. The right
ventricular shape also has distinctive features as
it is wrapped around the body of the left ventricle
(LV), making the cavity a crescent-like shape
in cross-section. Furthermore, this anatomical
design of the RV results in a significantly wider
angle of approximately 40° between the inlet
axis and the outflow tract axis, compared with
a respective 15-20° in the cylindrical-shaped LV
(2]. Such design has significant implications on
the overall function of the RV, with the inlet
compartment contracting 20 ms before the
outflow-tract compartment in order to keep
its peristaltic movement, which is required
for keeping the intracavitary circulation
going and directing the blood out into the
pulmonary arterial tree. Finally, it seems that
the circumferential contraction of the outflow
tract, part of the RV, has an important effect in
maintaining a significantly high tension during
systole, resulting in competent function of its
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infundibulum part and subvalvular support of
the pulmonary valve unidirectional function.

Normal right ventricular physiology

Right ventricular—pulmonary circulation
coupling is an important physiological
phenomenon. Normally, the RV pumps against
a pressure of 30 mmHg, which is one-quarter
that of the LV. This difference in afterload clearly
matches the difference in the design of the two
pumps, with right ventricular free-wall thickness
significantly less than that of the LV [3]. In patients
in whom the anatomical RV supports high
afterload, for example, those with congenitally
corrected transposition of the great arteries, the
chronic rise in afterload affects the RV, causing
the walls to become thick and the cavity enlarged.
The order of changes is not always the same in
the LV when it faces abnormally high afterload.
In this case, the left ventricular wall becomes
hypertrophied, but the overall cavity function is
maintained. Despite these differences in structure
and function of the two ventricles, they abide by
similar electrical and mechanical roles. The RV
starts to contract shortly after the Q wave of the
ECG, resulting in a period of electromechanical
delay, which is significantly shorter than that of
the LV [4]. This could be explained by the direct
longitudinal shortening of the right ventricular
inlet in comparison with the significant shape
change happening during the same isovolumic
contraction time in the LV [s]. At the end of
ejection and the end of systolic activity, the two
ventricles, again, differ in their behavior in early
diastole. Shortly after pulmonary valve closure,
the RV has a very short, or even an absent
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isovolumic relaxation time compared with the
approximately 80 ms isovolumic relaxation
time of the LV. These differences are also due
to the opposite effect of early changes in cavity
shape before mitral valve opening on the left
side and tricuspid valve opening on the right
side. However, the pattern of filling of the two
ventricles is similar in that they both show two
components, an early diastolic one and a late
diastolic (atrial systolic) one. The main difference
in the filling pattern of the two ventricles is the
velocity, which reflects the loading conditions of
the two ventricles, being significantly higher in
the LV than in the RV. Finally, along with the
difference in afterload, the ejection velocity of the
two ventricles differs significantly, being higher
on the left side compared with the right side.

Pulmonary hypertension
pathophysiology

Pulmonary hypertension (PH) reflects an
increase in the pulmonary circulation pressure.
This is determined by the exact site of the
pulmonary circulation affected. Patients with
severe left heart problems for example, mitral
valve disease, regurgitation or stenosis, or left
ventricular disease are described as having a
postcapillary rise in pulmonary circulation
pressure compared with those with precapillary
PH (e.g., idiopathic, familial or associated
pulmonary arterial hypertension, secondary to
pulmonary disease or chronic thromboembolic
PH) (6]. While the level of pathology with
respect to the RV is different in the two
conditions, their effect on the cavity could be
similar, mainly in the form of hypertrophy with
maintained systolic function in early disease,
but impaired function and cavity enlargement
with development of tricuspid regurgitation in
late disease. Treatment of the primary pathology

might preserve right ventricular function.
Similar results, however, might not be achieved
in patients with precapillary PH when treating
the primary pulmonary circulation disease (7).
This difference is also supported by the exact
nature of the pathology of the two conditions,
with the pulmonary vascular resistance normal
but pulmonary capillary pressure rising in
the postcapillary PH and vice versa in the
precapillary PH in most cases. However, it is
not uncommon to have an overlap between the
two conditions [8].

Assessment of PH

Accurate assessment of pulmonary artery pressure
(PAP) is made invasively by direct measurements
of the right-sided heart pressure (Taee 1). However,
this can now be achieved noninvasively using
Doppler echocardiography (9. The principle
is simple and highly reproducible, based on
the peak retrograde transtricuspid pressure
drop obtained by continuous-wave Doppler.
Applying the modified Bernoulli equation
4 x V2 has been shown to closely correlate with
the peak pulmonary artery systolic pressure
obtained invasively [10]. However, it should
be mentioned that the velocity conversion to
pressure is strictly a reflection of the pressure
drop across the tricuspid valve, considering the
variability in right atrial pressure (RAP) rather
than direct measurement of pulmonary artery
systolic pressure. With a rise in RAP due to a
stiff RV or significant tricuspid regurgitation,
the retrograde pressure drop across the tricuspid
valve is likely to be underestimated. PAP could
also be estimated from the diastolic retrograde
pressure drop across the pulmonary valve
between the pulmonary artery and the RV
from the pulmonary regurgitation continuous-
wave Doppler velocities. This reflects mean

Estimation Formula Abnormal level
SPAP (mmHQ) 4 x TRpd+ RAP [21] >36 mmHg
mPAP (mmHg) SPAP x 0.61+2
4 x PRedpd + RAP [17] >25 mmHg
79-45 x PACT
Diastolic PAP 4 x PRIdpd + RAP [21] >15 mmHg
(mmHg)
PVR (WU) TRpv/PA VTl x 10 + 0.16 [20]
MPAP(sPAP x 0.61 + 2) - PCWPecho(10 mmHg)/CO >3 WU

CO: Cardiac output; mPAP: Mean pulmonary artery pressures; PA VTI: Pulmonary artery velocity time integral,

PACT: Pulmonary artery acceleration time,; PAP: Pulmonary artery pressures; PCWPecho: Pulmonary capillary wedge
pressure by echo, pd: Peak drop, PRed: Pulmonary regurgitation at early diastole; PRId: Pulmonary regurgitation at late
diastole,; pv: Peak velocity; PVR: Pulmonary vascular resistance, RAP: Right atrial pressure, sPAP: Systolic pulmonary artery

pressures; TR: Tricuspid regurgitation.
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pulmonary artery diastolic pressure, which has
also been shown to correlate closely with invasive
measurements [11].

Assessments of right ventricular
function

The current guidelines state that transthoracic
echocardiography is the first-line diagnostic tool
for the assessment of PH and its effect on the
cardiac chambers’ size and function [¢]. Also
using the same technique, estimation of the
PAPs and the pulmonary vascular resistance
(PVR), right heart size and function, presence of
pericardial effusion, left heart size and function
and the presence of valvular dysfunction can all
be accurately achieved [12,13]. The additional use
of a simple cavity contrast (commonly agitated
saline) is very sensitive in confirming intracardiac
shunt as a potential cause for PH, particularly
with the Valsalva maneuver, for example, atrial
septal defect or intrapulmonary arterio-venous
shunting. Transesophageal echocardiography
might be useful in detecting abnormal shunt
flow and contrast enhancement may optimize
the Doppler signal of tricuspid regurgitation
flow. Cardiac MRI is the current gold standard
imaging technique in delineating clear images of
the cardiac chambers, as well as any anatomical
anomalies that lead to PH [14,15]. High-resolution
computed tomography might be useful in
determining right heart size, abnormal intra- and
extra-cardiac flow patterns and the presence of a
thrombo-embolic source for PH [16].

Hemodynamic changes in PH

When PH is suspected, as mentioned above,
Doppler echocardiography should be employed
to assess tricuspid regurgitation peak retrograde
pressure drop as an estimate of peak systolic
PAP (sPAP). When adequate signals are
obtainable and in the absence of significant
right ventricular outflow tract obstruction,
both tricuspid regurgitation pressure drop and
pulmonary artery flow pattern allow accurate
estimation of sPAP, mean and end diastolic PAP,
as well as pulmonary vascular resistance (Ficure 1)
(1718]. To avoid any possible error in assessing
the degree of PH (e.g., in severe cardiac failure
and hyperkinetic circulation), estimation of
PVR is usually recommended. Estimation of
pulmonary resistance depends on the calculation
of pulmonary pressure and cardiac output. Using
the following simplified formula, tricuspid
regurgitation peak retrograde velocity or
tricuspid regurgitation peak retrograde pressure

drop/VTI from RVOT [19].
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Figure 1. Tricuspid regurgitation peak retrograde velocity and pressure

drops (left) and pulmonary artery acceleration time (right).

AT: Acceleration time.

The authors have recently reported a
simple method that can easily be used to
estimate PVR by calculating mean PAPecho
(sPAP x 0.61 + 2) — pulmonary capillary wedge
pressure echo/cardiac output (from the left
ventricular outflow tract) [20]. However, the main
limitation of the method is the accurate estimation
of pulmonary capillary wedge pressure, which
reflects left atrial pressure in patients with raised
precapillary pressures. We have also found that the
pulmonary artery acceleration time of less than
90 ms is very sensitive in discriminating between
pre- and post-capillary PH and identifying
patients with woods units >3.

Estimation of RAP is an ongoing topic
of discussion and a number of measures [13],
as well as a fixed value of 7 or 10 mmHg in
patients without right heart failure, have been
proposed [10.21]. Inferior vena cava diameter and
collapsibility with inspiration has also been found
to correlate with RAP and is probably now the
most commonly used [22].

Cardiac structural changes in PH

In severe PH, the four cardiac chambers are
affected in shape and size. While the right atrium
and ventricle become significantly enlarged, the
left atrium and ventricle become compressed
and reduced in size. Accurate measurements of
cardiac chambers, particularly the ventricles,
are of clinical importance for diagnostic and
prognostic purposes. Using echocardiography,
the right and left heart dimensions can be
measured from both parasternal and apical
views. A simple assessment indicating an
abnormal pressure overload relationship between
the left and right heart chambers is performed
by evaluating the motion of the ventricular and
atrial septa, respectively, and the ratio of the size
of the LV and RV. If the RV is larger than the
left, in addition to the septum bulging towards
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Figure 2. Apical four chamber view
showing a dilated right heart in a patient
with pulmonary hypertension.

IAS: Inter-atrial septum; IVS: Inter-ventricular
septum; LA: Left atrium; LV: Left ventricle;
RA: Right atrium; RV: Right ventricle.

the LV during systole, it strongly indicates
a pressure overloaded RV (Ficures 2 & 3). In a
longstanding PH, right ventricular hypertrophy
develops, resulting in a wall thickness of more
than 5 mm [13]. As the disease progresses, the
right atrium increases in size, and consequently
results in significant changes in tricuspid valve
structure and function in the form of increased
tenting area, poor leaflet coaption and significant
regurgitation, which, in late stages of PH, might
become torrential [23,24]. Patients with such a
degree of disease present with congestive heart
failure, fluid retention and raised jugular venous
pressure, which is complicated later by impaired
kidney function with its known manifestations
and clinical complications. 3D echocardiography
has good potential in determining RV volumes
and ejection fraction as an estimate of systolic
function [25,26]; however, the method remains
limited to research activities and limited for
widespread clinical use, as volumes seem to be
consistently underestimated [27]. Similar volume

Figure 3. Abnormal right ventricle and left
ventricle size ratio and bowing septum to
the left ventricle, giving a systolic D-shape.
IVS: Inter-ventricular septum;

L1: Anteroposterior diameter; L2: Transverse
diameter; LV: Left ventricle; RV: Right ventricle.
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information could be obtained from cardiac
MR, if available.

Right ventricular functional changes
in PH
Quantification of global and regional right
ventricular function is still challenging due to
the complex geometry of the RV (as mentioned
above) and also due to its thin-walled
myocardium. A simple approach to measure
the tricuspid plane systolic excursion (TAPSE)
by 2D or M-mode echocardiography is probably
the most commonly used method for assessing
RV systolic function (Ficure 4) [28]. Normal values
for TAPSE have been reported and shown to
be consistently >18 mm, irrespective of age [29].
The authors have also found [HENEIN MY ET 4L.,
UNPUBLISHED DATA] in 256 healthy subjects from
the Swedish population that normal TAPSE is
in the order of 25 + 4 mm. TAPSE has also been
found to correlate well with right ventricular
ejection fraction [30]. However, it has limitations
for remaining within normal values despite
a severe rise in pulmonary pressures. Early
diastolic markers of right ventricular function
in the form of prolonged isovolumic relaxation
time (in the presence of normal right atrial
pressure) is a more sensitive measure to changes
in pulmonary pressures [31]. Furthermore,
TAPSE can erroneously overestimate right
ventricular function in patients with dilated
cavity and volume overloaded RV by, for
example, severe tricuspid regurgitation [32].
3D echocardiography might overcome this
limitation by improving volume assessment
and thus has an important role in determining
accurate RV ejection fraction [33,34].
Myocardial tissue Doppler imaging (TDI)
is a more robust method for assessing right
ventricular mechanical function by displaying
right ventricular lateral wall systolic and
diastolic velocities in a reproducible way. In
1999, Alam ez al. reported normal measures
of right ventricular function [35] and in 2001,
Ionescu et al. demonstrated the use of TDI
in detecting and monitoring deterioration of
patients with cystic fibrosis [36]. TDI, both as
pulsed and color approaches, has already become
a well-established method for assessing right
ventricular function and is highly recommended
for routine follow-up of PH patients (37]. Today
there are 310 hits on PubMed using the search
terms of “TDI” and ‘pulmonary hypertension’.
Using pulsed or color TDI the systolic (57), early
diastolic (¢’) and late atrial velocities (a’) can
quite reliably be measured, as well as the time
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intervals of isovolumic contraction and relaxation
(ivet’ and ivrt’) (Ficure 5) [13]. From the authors
own data, they have found normal RV free-
wall myocardial velocities to be approximately
25 cm/s, with a reduction of the diastolic
velocities with increasing age [38]. Furthermore,
we and others have found that prolonged ivrt’
from pulsed TDI (75 ms corrected for heart
rate) accurately identified patients with sPAP
>40 mmHg, a marker that has proved the best
in identifying patients with raised PAP [39].

Right ventricular myocardial
deformation

Both amplitudes (from M-mode and color TDI)
and velocities (from color and pulsed TDI) are
limited in providing a thorough assessment of
right ventricular function, since they register
only tricuspid annulus motion rather than
intrinsic myocardial function [13]. Therefore, a
method that measures the detailed motion of a
larger myocardial segment is preferred. Strain
and strain rate is such a method that mea-
sures the differences in amplitude and velocity
between two segments defined from a chosen
region of interest. 1D strain from color-coded
TDI has been shown to be modestly useful in
estimating the PVR [40] and by assessing the
dyssynchrony between the RV and septal seg-
ment, having shown to determine disease sever-
ity (Fieure 6) [41]. However, since it is Doppler-
based strain measurements, it is limited in its
application for being angle dependent and hav-
ing a significant signal-to-noise ratio. It should
be noted that speckle-tracking measurements of
the RV currently remains a research tool rather
than a routine clinical one.

The 2D strain technique is a method based
on tracking the motion of the echogenic spots
or speckles from grayscale images within the
myocardium in two simultaneous directions. As
anon-Doppler-based algorithm in the assessment
of myocardial function, it is recognized as being
angle independent (Ficure 7) [13]. Myocardium
strain and strain rate have been found to be
related to the pulmonary pressures and PVR,
and also to patients’ exercise capacity (assessed
by 6-min walking distance) [42]. However, the
thin-walled RV limits the possibility of having
a reliable tracking of the ventricle.

Ventricular interaction

Owing to the RV and LV being linked together
via the interventricular septum and outwardly
sharing the pericardial sac, as well as the two
ventricles pump the same stroke volume, they

future science group
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PASPecho 90 mmHgI

fRV IVRT 120 ms
2

Figure 4. Tricuspid annulus peak systolic
excursion in a patient with pulmonary
hypertension.

IVRT: Cavity isovolumic contraction and
relaxation; PASPecho: Pulmonary artery systolic
pressue (echo); RV: Right ventricle;

TAPSE: Tricuspid plane systolic excursion.

must have clear evidence for cavity interaction.
When the RV enlarges, the LV decreases in
volume giving an abnormal LV-eccentricity
index — that is, the antero—posterior dimension
becomes larger than the septo—lateral dimension,
which makes the LV cavity D-shaped. This
is a classic picture of the LV in patients with
significant PH [43]. Such abnormal shape
change alters mainly LV diastolic function,
so long as myocardial function is preserved
(44]. This is commonly shown by Doppler as a
reduced E/A ratio, prolonged deceleration and
isovolumic relaxation time (Ficure 8).

Right ventricular function & exercise
capacity

Currently, there are no clinical guidelines for the
use of stress echocardiography in confirming the
diagnosis of PH, particularly in symptomatic
patients with only a modest rise in transtricuspid
pressure drop. Studies have shown that exercise
induces raised PA pressure in patients with

: PASPecho 90 mmHg

s 410 cm/s

t':o mﬁ’h\

Figure 5. Pulsed wave myocardial Doppler
imaging in pulmonary hypertension.

ivrt: Myocardial isovolumic contraction and
relaxation; PASPecho: Pulmonary artery systolic
pressue (echo); s": Systolic velocity.

www.futuremedicine.com

661



662

Lindqvist & Henein

1id 116

PASPecho 90 fang':

RV-IVS peak strain delay

150 ms

Figure 6. Tissue Doppler imaging-based
myocardial strain in pulmonary
hypertension.

IVS: Inter-ventricular septum;

PASPecho: Pulmonary artery systolic pressure
(echo); RV: Right ventricle.

systemic sclerosis, which might be an important
early marker for PH [45]. However, it has to be
remembered that pulmonary pressures also
increase with age and during exercise, making
isolated pressure measurements for diagnosing
pulmonary arterial hypertension unsatisfactory
(46]. Adjusting for the pulmonary flow
improves the accuracy of the measurements,
hence estimation of PVR is more attractive
(47]. However, calculation of PVR is based on
estimation of pulmonary pressures, cardiac
output and pulmonary capillary wedge pressure;
and the latter is known to be difficult when using
Doppler echocardiography [4s].

Treatment of PH & right ventricular
function

Surgical treatment of PH in the form of
thrombectomy has been demonstrated to
improve right ventricular function [49]. This
is the reverse of the right ventricular changes
seen in acute significant pulmonary embolism
when the systolic function drops and the
cavity shows some degree of dilatation. Recent
medical treacment of PH, for example, bosentan

Figure 7. Speckle tracking echocardiography
in pulmonary hypertension.

IVS: Inter-ventricular septum; RV: Right
ventricle.

Imaging Med. (2012) 4(6)

and sildenafil, have successfully resulted in a
significant reduction in pulmonary vascular
resistance and consequently, improvements
in patients’ exercise capacity [50]. However,
the effect of such treatment on intrinsic right
ventricular function remains debatable [51].
This suggests a remodeling change of the right
ventricular cavity as a response to long-standing
PH, which might only be partially reversible with
treatment, as is the case with the LV. Patients
with PH secondary to lung disease have been
shown to have significant improvement in right
ventricular function after lung transplantation.
Finally, treatment of secondary PH (precapillary)
has been shown to significantly improve
right ventricular function when the left heart
pathology is corrected. Following mitral valve
replacement or optimum vasodilatation with
angiotensin-converting enzyme-inhibitors or
angiotensin receptor blocker therapy for raised
left atrial pressure in patients with left ventricular
disease, there was a significant reduction in
tricuspid regurgitation severity, PH pressure and
improvement of right ventricular function and
size [52]. Follow-up of right ventricular structure
and function can easily be achieved by 2D, 3D
echocardiography, or MRI scanning. In view
of the detailed assessment described above, it
is clear that Doppler 2D echocardiography is
the ideal tool for assessing time relations. 3D
echocardiography and MRI provide comparable

Volume measurements.

Prognostic value of assessing right
ventricular function

Right ventricular enlargement and increase of
inlet diameter have been shown to reflect cavity
disease and prognosis [s3]. Early identification and
treatment of the underlying pathology reverses
such disturbances. In patients with established
right ventricular abnormalities, functional
parameters have been shown to predict exercise
capacity and clinical outcome. A reduced TAPSE
of <15 mm has been shown to be associated with
poor survival [23]. Additional severe tricuspid
regurgitation and right atrial dilatation worsens
the prognosis [54]. Likewise, a reduced free-
wall strain is associated with recurrent cardiac
events and poor survival [s5]. Such markers
should be regularly used to provide accurate
follow-up information and the potential need for
intervention.

Conclusion

From the above evidence it is clear that the
RV plays an important role in maintaining
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overall cardiac function in PH. Its intrinsic
function, as well as its interaction with the
LV, determines the stroke volume and cardiac
output. While correcting left heart causes of
PH may improve right ventricular function,
the effect of respective treatment of primary
pulmonary vascular disease remains to be
determined. Further studies using sophisticated
noninvasive measurements of right ventricular
function may help to detect early disease and
predicting functional recovery.

Future perspective

A clear understanding and appreciation of
the importance of right ventricular function
is expected to attract the attention of cardiac
researchers and scientists to study its implication
in various conditions. Evidence already exists
supporting the crucial prognostic value of the
RV in predicting exercise capacity, as well as
survival, in some syndromes. This is likely to
be explored in other conditions, particularly
those in which right ventricular loading could
have a detrimental impact on clinical outcome.
In doing so, the RV should be seen to be as
important as the LV in maintaining overall
cardiac performance.

Right ventricular function in pulmonary hypertension

=% 42-year-old female

= E/A=0.7
DT = 250
IVRT 140 ms

Lobl Ll
0%

(mls

"W

Figure 8. Mitral Doppler flow in a patient

with pulmonary arterial hypertension
(systolic pulmonary artery pressure
90 mmHg).

DT: Deceleration time; IVRT: Cavity isovolumic

contraction and relaxation.
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The right ventricle is anatomically and physiologically different from the left ventricle, as it has to support a circulation pressure of 30%

that of the left heart.

Pulmonary hypertension secondary to left-side heart disease or primary pulmonary disease affects right ventricular structure and function
depending on the duration and severity of pressure rise and pulmonary vascular resistance.
Significant degrees of pulmonary pressure rise and right ventricular dysfunction are associated with ventricular interaction and left heart

dysfunction.

Retrograde tricuspid regurgitation pressure drop by spectral Doppler is the most accurate noninvasive method for estimating peak
systolic pulmonary artery pressure, while pulmonary acceleration time represents the simplest and most sensitive discriminator of raised

vascular resistance.

Markers of right ventricular dysfunction in the form of tricuspid annulus peak systolic excursion (M-mode) and compromised strain
(speckle tracking echocardiography) have significant prognostic value.
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