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Abstract: Pulmonary arterial hypertension is a manifestation of a group of disorders leading to pulmonary

vascular remodeling and increased pulmonary pressures. The right ventricular (RV) response to chronic

pressure overload consists of myocardial remodeling, which is in many ways similar to that seen in left

ventricular (LV) failure. Maladaptive myocardial remodeling often leads to intraventricular and interven-

tricular dyssychrony, an observation that has led to cardiac resynchronization therapy (CRT) for LV failure.

CRT has proven to be an effective treatment strategy in subsets of patients with LV failure resulting in

improvement in LV function, heart failure symptoms, and survival. Current therapy for pulmonary arterial

hypertension is based on decreasing pulmonary vascular resistance, and there is currently no effective

therapy targeting the right ventricle or maladaptive ventricular remodeling in these patients. This review

focuses on the RV response to chronic pressure overload, its effect on electromechanical coupling and

synchrony, and how lessons learned from left ventricular cardiac resynchronization might be applied as

therapy for RV dysfunction in the context of pulmonary arterial hypertension.
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Pulmonary arterial hypertension is a manifestation of a

group of disorders that cause pulmonary vascular remod-

eling, alterations in pulmonary vascular resistance, and re-

duced compliance. Ultimately, increased pulmonary pres-

sures may induce alterations in right ventricular structure

and function. Current therapy is largely based on target-

ing biochemical pathways to decrease pulmonary vascu-

lar resistance. Despite this, the final common pathway

for many patients remains right ventricular failure and

death.1

Although left ventricular (LV) failure has been well

characterized, leading to multiple therapies with proven

mortality benefit, less is known about the failing right

ventricle (RV). In fact, early evaluation of the role of RV

function in disease states (i.e., RV free wall infarction/

ablation, Fontan physiology, or lung transplantation) sug-

gested that the RV was highly adaptable and perhaps su-

perfluous to overall cardiac function in the absence of

sustained pulmonary arterial hypertension. However, re-

cent improvements in imaging and technology, including

strain imaging, tissue Doppler imaging (TDI), and mag-

netic resonance imaging (MRI) have led to a better under-

standing of the adaptation of the RV to chronic pressure

overload.

Many similarities between RV and LV failure have

been observed, including changes in mechanical function,

RV global and myocyte structure and function,2 myocar-

dial blood flow,3 and electrophysiologic properties.4 In a

limited number of mechanical interventions in the pul-

monary circulation (lung transplantation and pulmonary

artery endarterectomy), RV reverse remodeling has been

noted, suggesting a reversible component to RV remod-

eling related to pulmonary arterial hypertension.5,6 Al-

though these findings give hope for potential therapies to

reverse RV remodeling and failure, there are currently no

proven therapies targeting the failing RV. Furthermore,

there is no consistent evidence that treatment of elevated

pulmonary artery pressure either restores RV function or
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forestalls further deterioration of RV function. As recent

reviews suggest, the similarities between RV and LV fail-

ure and past success in treatment of LV failure may offer

valuable insight when it comes to exploring potential ther-

apeutic options for RV failure.7,8

This review focuses on the RV response to chronic pres-

sure overload, its effect on electromechanical coupling and

synchrony, and how lessons learned from left ventricular

cardiac resynchronization might be applied as therapy for

right ventricular dysfunction in the context of pulmonary

arterial hypertension.

RV REMODELING IN RESPONSE TO

CHRONICALLY ELEVATED PULMONARY

ARTERIAL PRESSURES

The RV is a thin-walled structure with a design well suited

for adaptation to a varying preload in the setting of low

pulmonary vascular resistance. However, pulmonary vaso-

constriction and vascular remodeling lead to chronically el-

evated pulmonary vascular resistance/reduced pulmonary

artery compliance, which is viewed by the RV as increased

static and pulsatile afterload. In turn, these changes in-

crease RV wall stress, leading to adaptive remodeling. The

response of the RV to chronically elevated pulmonary pres-

sure follows the law of Laplace, resulting in increased RV

wall thickness, ventricular dilatation, increased ventricular

wall stress, and increased preload. This response, similar

to that of the LV, frequently results in reduced systolic

function.9 As a result of more recent investigations, we

now know changes to the molecular structure,2 metabo-

lism,10 electrophysiologic,4 and mechanical properties2 of

the RV accompany the more traditional hallmarks of re-

modeling.

Altered gene expression leading to change in molecular

structure has been observed in the LV and RV of failing

hearts. Specifically, the balance in isoforms of myosin

heavy chain (MHC) is altered, favoring an almost exclu-

sive dependence on β-MHC.2 α-MHC has been shown to

have significantly faster contractile activity than β-MHC,11

presumably leading to more rapid contraction and relaxa-

tion. Normally, α-MHC messenger RNA (mRNA) makes

up 25%–35% of total ventricular MHC mRNA, translating

to approximately 10% of the total ventricular MHC.12 In

patients with right heart failure related to pulmonary arte-

rial hypertension, α-MHC mRNA is down-regulated by

64%–84%, leading to decreased α-MHC expression and

an increased reliance on β-MHC.2 Decreased expression of

α-MHC has been linked to decreased power output in iso-

lated rat cardiac myocytes as well as in isolated working

hearts.13 The shift in balance in isoforms of MHC likely

has significant detrimental effect on overall cardiac func-

tion and output.

Another structural response to chronic RV pressure

overload involves changes to the extracellular cardiac

structure. Animal studies have shown increased collagen

deposition related to pressure overload in LV and RV re-

modeling.14,15 More recently, the increase in collagen con-

tent of diseased RVs related to pressure overload was

characterized and revealed increased myocardial fibrosis

with greater nonsoluble collagen content over time.16 The

increase in myocardial fibrosis was found to lag behind

myocyte hypertrophy and is regulated by postsynthetic

processing of procollagen.16 The increase in myocardial

fibrosis related to chronic pressure overload likely contrib-

utes to pump dysfunction and inefficiency by reducing the

flexibility of the myocyte support structure and delimiting

the diffusion of nutrient substrates.

In addition to molecular and fibrotic changes, myocar-

dial hypertrophy is a known response to chronic pressure

overload. Hypertrophy, along with increased afterload, in-

creases metabolic demand and increased myocardial blood

flowmay be required for optimal function. However, incre-

mental increases in right coronary artery (RCA) blood flow

may not develop. In fact, reduced systolic RCA blood flow

relative to hypertrophy has been shown in a dog model of

pulmonary arterial hypertension17 and was more recently

confirmed in humans with pulmonary arterial hyperten-

sion.3 RCA blood flow, which is relatively monophasic in

healthy hearts, was shown to become biphasic with systolic

flow impediment proportional to RV pressure and mass in

patients with pulmonary arterial hypertension.3 In addi-

tion, the microvascular circulation may also be altered in the

setting of RV hypertrophy related to pressure overload, as

evidenced by the finding of decreased RV capillary density

in a rat model of pulmonary arterial hypertension.18 The rel-

ative decrease in blood flow to the diseased RV has been

shown to result in ischemia by myocardial scintigraphy in 9

of 23 patients with pulmonary arterial hypertension.19 The

patients demonstrating ischemia by myocardial scintigraphy

were found to have significantly higher right atrial pressures

and RV end-diastolic pressures, suggesting a link between

myocardial perfusion and performance.

It has been suggested that the above mentioned supply-

demand mismatch leading to myocardial ischemia may

alter metabolism in the RV leading to further remodeling

and impaired electromechanical coupling.10 Fatty acid oxi-

dation is the energy substrate of choice for normal myo-

cardium; however, glycolytic metabolism is a common re-

sponse to ischemia.20 Increased glucose metabolism, as

demonstrated by increased uptake of 18-fluorodoexyglucose
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by positron emission tomography, has been shown in the

RV of patients with pulmonary hypertension.21 Animal

models of pulmonary arterial hypertension and RV hyper-

trophy have demonstrated a similar shift toward glycolytic

metabolism.22,23 This metabolic shift has been linked to

decline in RV function and altered expression of ion chan-

nels leading to electrical remodeling in two rat models of

pulmonary arterial hypertension.23 As these findings sug-

gest, altered metabolism in the failing RV may be the re-

sult of relative ischemia induced by the above-mentioned

adaptations of the RV to chronic pressure overload.

RV electrophysiology is not immune to chronic pres-

sure overload. RV myocytes in patients with LV failure

have shown electrophysiologic abnormalities similar to

those of LV myocytes. Specifically, prolonged action po-

tentials related to reduced transient outward potassium

current (Ito1), inward rectifier potassium current (Ik1), and

slow component of delayed rectifier potassium current

(Iks) have been demonstrated.4 To further characterize the

electrophysiologic properties of the diseased right ventri-

cle, Chen et al.24 performed epicardial mapping in pa-

tients undergoing pulmonary endarterectomy for chronic

thromboembolic pulmonary hypertension. They found that

conduction delay in the right bundle was present, regard-

less of the presence of right bundle branch block on the

surface electrocardiogram (ECG). The RV was also found

to complete activation and repolarization later than the LV

in these patients.24 Hardziyenka et al.25 performed epicar-

dial mapping in a similar group of patients undergoing

pulmonary endarterectomy and showed that epicardial ac-

tivation was later in the RV free wall than LV lateral wall

due to significantly slower longitudinal and transverse con-

duction velocities in the RV. TDI echocardiography in

these patients revealed that mechanical diastolic interven-

tricular delay correlated with the RV to LV activation de-

lay.25 This evidence underscores the importance of elec-

trophysiologic remodeling and its role in undermining

electromechanical coupling and promoting disturbances

due to anisotropic conduction, even in instances in which

the surface ECG does not indicate gross conduction delay.

INTRAVENTRICULAR DYSSYNCHRONY

The RV is comprised of distinct inflow, apical, and out-

flow compartments that contribute individually to systolic

function.26 In response to chronic pressure overload, nor-

mal RV mechanics are disturbed. As the RV enlarges, its

sphericity increases, and septal deformation into the LV

occurs; this results in altered oblique muscle alignment

and loss of the classical twisting and shortening motion of

the interventricular septum. Thus, the main contractile

force of the RV is generated by the transversely oriented

fiber of the basal lateral free wall.27

Loss of RV compartmental individuality and abnormal

strain have been characterized by two-dimensional (2D),

speckle tracking, and TDI echocardiography. Use of 2D and

three-dimensional (3D) echocardiography in patients with

World Health Organization (WHO) group 2 pulmonary hy-

pertension related to ischemic cardiomyopathy revealed a

complete loss of compartmental independence and altera-

tions in ventricular strain in the pulmonary hypertension

group.28 In addition, speckle-tracking echocardiography of

patients with WHO group 1 and WHO group 2 pulmonary

hypertension has revealed altered longitudinal strain curves

in the RV free wall. Specifically, the RV free wall reached

lower peak strain later in the cardiac cycle compared with

controls.29 Systolic and early diastolic tissue velocities were

also reduced in these patients.29 RV dyssynchrony appears

to be present even in the absence of a right bundle branch

block (RBBB) on surface ECG, as evidenced by speckle-

tracking echocardiography showing delayed contraction of

the basal and mid RV free wall in patients with pulmonary

arterial hypertension without RBBB when compared with

control subjects.30 Evidence of RV dyssynchrony by TDI

echocardiography has been shown to be present in the ab-

sence of abnormalities in RV size and function by standard

echocardiographic indices and has been linked to disease

severity.30 These findings suggest that traditional evalua-

tion of conduction delay and RV function is insufficient to

evaluate RV dyssynchrony.

Altered RV mechanics result in inefficient contraction

and likely have effects on cardiomyocyte structure and

function. Studies of both isolated LV and RV dysfunc-

tion have suggested that intraventricular dyssynchrony is

accompanied by energy-inefficient shifting of blood from

high wall stress to low wall stress regions within the

ventricle rather than ejecting blood from the ventricle.

Marcus et al.31 have estimated that 18% of RV ejection

time is wasted by nonejecting contraction within the RV,

resulting in reduced stroke volume, stroke work, and cor-

onary perfusion. Furthermore, studies of left ventricular

dyssynchrony have suggested that molecular remodeling

in high- and low-load areas may differentially alter contrac-

tile proteins, energy efficiency, and calcium handling.32

INTERVENTRICULAR DYSSYNCHRONY AND

VENTRICULAR INTERDEPENDENCE

The RV and LV are coupled anatomically and mechani-

cally.27 Therefore, changes to one ventricle will inevitably
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affect the performance of the other.33 Although the effects

of chronic pressure overload are most obviously seen in

the RV, mechanical dyssynchrony leads to biventricular

dysfunction and LV remodeling. The presence of elevated

RV pressures leads to dyssynchronous ventricular contrac-

tion and leftward ventricular septal bowing, which has

been characterized by 2D and 3D echocardiography,28

speckle-tracking echocardiography,34 TDI,35 and MRI.36

Interventricular dyssynchrony may be the result of de-

layed activation in regions of the RV due to intraventric-

ular conduction disturbances via mechanisms reviewed

above. As noted above, epicardial mapping in patients

with chronic thromboembolic pulmonary hypertension

has demonstrated delayed activation of the RV free wall

compared with the LV lateral wall.25 Studies in both MRI

and TDI echocardiography have revealed RV delay to peak

strain compared with the LV in patients with pulmonary

hypertension.37 MRI strain imaging suggests that this de-

lay in RV peak strain represents a functionally unproduc-

tive RV postsystolic isovolumetric contraction period that

is followed by a normal relaxation phase.37 The delayed

RV contraction persists into the early LV diastolic period

(low LV pressure), producing an RV to LV pressure gradi-

ent and enhanced bowing of the septum into the LV. Max-

imal septal bowing coincides with peak RV shortening as

assessed by MRI.31 LV septal bowing is most prominent

during early LV diastole and has been shown to impair LV

diastolic filling, thereby reducing LV preload and increas-

ing pulmonary venous pressure.38,39 Further characteriza-

tion of interventricular dyssyncrony includes MRI strain

evidence of increased early diastolic LV free wall lengthen-

ing,40 suggesting the effects of LV septal bowing extend to

the LV free wall.

In addition to impaired diastolic filling, evidence sug-

gests alterations to LV structure and function in patients

with impaired RV function. Acute and chronic RV pressure

overload has been shown to affect adversely LV mechanical

synchrony and myocardial performance by speckle-tracking

echocardiography.41 In addition, epicardial electrical map-

ping of chronic thromboembolic pulmonary hypertension

patients has shown alterations in conduction. Specifically,

patients with RV failure (right heart failure defined as tri-

cuspid annular plane systolic excursion [TAPSE] <16 mm)

had significantly longer PQ and QTc duration, longer LV

effective refractory period, and significantly reduced LV lon-

gitudinal conduction velocity when compared with patients

without RV failure.42 MRI evidence suggests that patients

with chronic thromboembolic pulmonary hypertension also

have decreased LV free wall mass as a result of either im-

paired LV loading or secondary to left intraventricular load

shifting, compared with control subjects, which improved

after pulmonary endarterectomy.43 Thus, it may be LV

underperformance induced by right ventricular dysfunc-

tion that sets the stage for terminal deterioration in pa-

tients with advanced pulmonary arterial hypertension.

CARDIAC RESYNCHRONIZATION FOR LEFT

VENTRICULAR FAILURE

LV failure is characterized by LV structural, molecular,

electrophysiological, and mechanical remodeling similar

to changes observed in pulmonary arterial hypertension–

induced RV failure. Cardiac resynchronization therapy

(CRT) acts to restore mechanical synchrony of the LV con-

traction, improving biventricular dynamics, and has been

demonstrated to lead to reverse cardiac remodeling associ-

ated with clinically relevant reductions in morbidity and

mortality.44,45

There is evidence that CRT may induce positive extra-

cellular matrix remodeling. Matrix metalloproteinases

(MMPs) and tissue inhibitors of metalloproteinases

(TIMPs) have been shown to play key roles in extracellu-

lar matrix remodeling in congestive heart failure.46 In-

creased levels of MMP-2 and decreased levels of TIMP-2

have been demonstrated to correlate with maladaptive

cardiac remodeling.46 CRT has been shown to decrease

MMP-2 levels and increase TIMP-2 levels, indicating posi-

tive extracellular matrix remodeling.47 CRT has also been

shown to have anti-inflammatory effects with decreased

levels of interleukin 6 (IL-6) and IL-8.47 Positive extracellu-

lar matrix remodeling resulting from improvements in

myocyte tethering and/or energy substrate diffusion may

lead to a decrease in myocardial fibrosis and play a role in

improved cardiac function.

LV CRT has been shown to positively affect many of the

abnormalities observed in RV failure related to chronic

pressure overload. CRT has been shown to partially restore

dyssynchronous heart failure–induced ion channel remod-

eling, as evidenced by partial restoration of Ik1 and Ito1
currents, and to decrease action potential duration in an

animal study.46 There is evidence to support partial resto-

ration of altered metabolism from an animal model where

CRT was shown to increase the expression of many mito-

chondrial enzymes that fuel pyruvate metabolism and,

therefore, lead to increased adenosine triphosphate produc-

tion.48 Endomyocardial biopsy specimens obtained from

patients with heart failure before and after CRT revealed

increased mRNA levels of α-MHC and an increased ratio

of α-MHC to β-MHC mRNA in post-CRT samples, indi-

cating restoration of the MHC balance seen in healthy

hearts.49 Thus, electrical stimulation to induce mechanical
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synchrony results in molecular-level alterations that either

restore LV function or offset molecular changes that exert

adverse contractile responses.

Although these findings are encouraging and have led

to great improvements in many patients with heart fail-

ure, there remain a significant proportion of patients who

do not respond to CRT. Exactly why some patients do not

respond to CRT is not completely understood; however,

evidence suggests that baseline RV function and, poten-

tially, the location of RV pacing play important roles in

responsiveness to CRT.50-52 Poor baseline right ventricular

function as assessed by TAPSE has been shown to corre-

late to reduction in LV end-systolic volume following initi-

ation of CRT, indicating baseline RV function is a relevant

predictor of CRT response.50 Several small studies have

shown conflicting results regarding the effect of RV lead po-

sition (RV midseptal position versus RV apex) in CRT.51,52

CARDIAC RESYNCHRONIZATION FOR THE

FAILING RIGHT VENTRICLE

There is preliminary evidence that resynchronization

therapy may be beneficial for RV failure in the setting of

increased afterload. Studies to date have been focused on

animal models of pulmonary arterial hypertension and

on patients with congenital heart disease and chronic

thromboembolic pulmonary hypertension. These offer sup-

port for the validity of cardiac resynchronization therapy

for RV failure. RV pacing has been shown to be beneficial

in patients with RV dysfunction and RBBB in the setting

of tetralogy of Fallot and aortic stenosis status after Ross

procedure.53 In 2010, Berruezo et al.54 published a case

report of a patient with WHO group III pulmonary hyper-

tension, RV failure, and RBBB who developed complete

atrioventricular block requiring pacemaker implantation.

Because of the presence of RV dysfunction, dP/dt was

measured while pacing various sites before placing leads

in the RA appendage and His bundle region. RV mapping

was then performed, and a third lead was placed at the

site of latest activation, the free wall of the RV outflow

tract. The patient demonstrated clinical and echocardio-

graphic improvement with bifocal RV pacing. At 3 months

of follow-up, the patient had markedly improved clinical

status from New York Heart Association class IV to II,

ability to walk more than 450 m on 6-minute walk test,

and slight improvement in global RV function by echocar-

diography.54

Experience with left ventricular CRT has suggested that

pacing in the latest activated site optimizes the chance of

inducing ventricular function improvements.55,56 It is in-

teresting to note that all of the studies that look at me-

chanical activation in the context of pulmonary hyperten-

sion find the RV free wall to consistently be the latest site

of mechanical activation.35,37,57 Lumens et al.58 developed

a computer simulation of severe pulmonary arterial hyper-

tension and showed improvements in cardiac pump func-

tion with simulated RV free wall pacing. Pacing of the RV

free wall also showed improvement in RV systolic func-

tion (as assessed by RV dP/dtmax), a decrease in the time

difference between RV and LV peak pressure and short-

ened duration of RV and LV contraction in an animal

model of pulmonary arterial hypertension.59 More recently,

Hardziyenka et al.60 performed a study that included 14 pa-

tients with chronic thromboembolic pulmonary hyperten-

sion and diastolic interventricular delay as assessed by TDI

echocardiography. Temporary sequential RA-RV pacing

at the RV apex at the optimal atrioventricular interval re-

sulted in an average 13% increase in LV outflow tract

velocity time integral, a reduction in diastolic interventri-

cular delay from 50 ± 19 milliseconds to 3 ± 22 milli-

seconds, reduced RV end systolic area, increased LV end

diastolic area, and significant improvements in RV global

and longitudinal contractility and LV longitudinal contrac-

tility.60 A similar study is currently underway to evaluate

the acute effects of attempted cardiac resynchronization in

patients with pulmonary arterial hypertension.61

These studies have shown evidence for acutely im-

proved hemodynamics as a result of cardiac resynchro-

nization in patients with pulmonary arterial hypertension

and associated dyssynchrony (Fig. 1). It is not yet known

whether similar improvements would be seen in other

forms of pulmonary hypertension, or whether acutely im-

proved hemodynamics would be maintained and translate

to improved clinical outcomes in the long term.

SUMMARY

Pulmonary arterial hypertension often leads to RV failure

and death. The RV response to chronic pressure overload

consists of myocardial remodeling, which is in many ways

similar to that seen in LV failure. Changes in myocardial

structure, metabolism, regional blood flow, and electro-

physiologic ion currents have been observed in the failing

RV. As a result, RV dyssynchrony is observed and has

been shown to have detrimental effects on overall cardiac

function.

Recent advances in the understanding of LV failure

suggest alterations in electromechanical coupling and

hemodynamics that have responded dramatically to car-

diac resynchronization therapy. Given the similarities
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observed in RV and LV remodeling in response to dys-

synchrony, it is reasonable to entertain the possibility of

resynchronization therapy for the failing RV. Animal stud-

ies, a computer simulation analysis, and one study involv-

ing patients with chronic thromboembolic pulmonary

hypertension have shown acute improvements in cardiac

function and hemodynamics with RV pacing. It is not yet

clear whether these promising results would apply to

other types of pulmonary hypertension, and it remains to

be seen whether resynchronization for RV failure could

forestall further deterioration or improve ventricular vas-

cular coupling in the long term. Further study focusing

on these issues will be needed to determine whether re-

synchronization therapy for RV failure in patients with

pulmonary arterial hypertension will become a viable treat-

ment option.
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