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List of abbreviations 

CRT   cardiac resynchronization therapy 

CTEPH   chronic thromboembolic pulmonary hypertension 

DIVD   diastolic interverventricular delay 

IVA   myocardial acceleration during isovolumic contraction 

LV   left ventricle 

LVOT-VTI  left ventricular outflow tract velocity-time integral 

MV-VTI   mitral valve inflow velocity-time integral 

PAH    pulmonary arterial hypertension 

RA   right atrium 

RV   right ventricle 
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Abstract 

 

Background: Right ventricular (RV) failure in patients with chronic thromboembolic 

pulmonary hypertension (CTEPH) and other types of pulmonary arterial hypertension is 

associated with right-to-left ventricle (LV) delay in peak myocardial shortening and, 

consequently, onset of early diastolic relaxation. We studied whether resynchronization 

of the onsets of RV and LV early diastolic relaxation improves hemodynamics. 

Methods and Results: Sixty-seven CTEPH patients (mean age 55±2years, 43 women) 

underwent tissue Doppler echocardiography, 12-lead ECG, pulmonary angiography, and 

RV catheterization. Seven of them with large (≥60ms) RV-to-LV delay in onset of early 

diastolic relaxation (diastolic interventricular delay, DIVD) underwent temporary 

atrioventricular (A-V) sequential pacing with incremental shortening of A-V delay to 

advance RV activation. Effects were assessed using echocardiography (n=7) and LV 

pressure-conductance catheter (n=4). Compared with right atrial pacing, A-V pacing at 

optimal A-V delay (average134±8ms, range 120-160ms) resulted in significant DIVD 

reduction (69±9ms to 3±11ms, p<0.001), and increase in LV outflow tract velocity-time 

integral (15.6±0.6cm to 17.5±0.7cm, p=0.003) and LV stroke volume (from 44±4ml to 

50±6ml, p=0.015), along with enhanced global RV contractility and LV diastolic filling. 

Conclusion: RV-to-LV resynchronization of onset of early diastolic relaxation results in 

stroke volume increase in CTEPH patients and may be a novel therapeutic target in RV 

failure. 
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Introduction 

 

Right ventricular (RV) failure is the main cause of death in patients with chronic 

thromboembolic pulmonary hypertension (CTEPH)1,2. At present, pulmonary 

endarterectomy is a treatment of choice for CTEPH1,3,4. However, ~30% of CTEPH 

patients are not eligible for pulmonary endarterectomy, while ~35% have persistent 

pulmonary arterial hypertension (PAH) after pulmonary endarterectomy5. Furthermore, 

despite progress in non-surgical treatment of CTEPH, survival rates of medically treated 

CTEPH patients remains low: overall five-year survival is 55%5, while patients with mean 

pulmonary arterial pressure >40mmHg have a six-year survival of only 35%6. Clearly, 

development of new therapeutic strategies for the treatment of RV failure secondary to 

CTEPH is of importance. 

In patients with CTEPH and other types of PAH, RV-to-left ventricle (LV) delay 

in peak myocardial shortening (i.e., later shortening in RV than in LV), and, consequently, 

delayed onset of RV diastolic relaxation contributes to diminished efficiency of RV 

contraction and reduced stroke volume7. We previously demonstrated in CTEPH 

patients that the delayed onset of RV early diastolic relaxation that underlies RV-to-LV 

delay in onset of early diastolic relaxation (which we called diastolic interventricular 

delay, DIVD) was explained by the added effects of RV activation delay and RV action 

potential prolongation8. 

Cardiac resynchronization therapy (CRT) is based on the principle that onset of 

activation of targeted regions of the heart is controlled (advanced). CRT has consistently 

demonstrated improvement in left-sided heart failure symptoms and a reduction in 

recurrent hospitalizations for heart failure exacerbation9,10. We hypothesized that CRT 

may confer similar benefits in patients with CTEPH and other forms of PAH that are 

associated with increased DIVD. The rationale is that DIVD may be reduced if RV 

activation delay is corrected with the use of CRT (even if RV action potential 

prolongation is not corrected); this would entail preexcitation of RV. In support of this 

hypothesis, experimental animals with acute PAH exhibited maximal increase in cardiac  



Chapter 5 
 

__________________________________________________________________ 

123 

 

output when RV was preexcited with respect to LV; in contrast, RV preexcitation in 

control animals resulted in hemodynamic deterioration11-13. To test whether these 

findings also apply to CTEPH patients, we conducted temporary atrioventricular (A-V) 

sequential pacing in 7 CTEPH patients with large DIVD, and studied whether RV 

preexcitation by incremental shortening of A-V delay reduced DIVD, and increased 

cardiac output. 
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Methods 

Patients 

In this single-center study, we studied 67 consecutive CTEPH patients (mean age 55±2 

years, 43 women) who were referred for pulmonary endarterectomy between March 

2008 and June 2009. CTEPH was diagnosed as reported previously3. Preoperatively, all 

patients underwent transthoracic tissue Doppler echocardiography, 12-lead ECG, 

pulmonary angiography, and RV catheterization. From this cohort, the last 7 patients who 

had large DIVD (≥60ms) underwent temporary A-V sequential pacing, including 4 in 

whom LV pressure-volume loops were recorded during pacing. All subjects gave written 

informed consent. Investigations were approved by the local institutional review board. 

 

Pacing protocol 

To study the effects of CRT (RV preexcitation), we performed temporary pacing 

(Medtronic Model 5388 dual chamber temporary pacemaker) with leads that were 

transfemorally placed in the right atrium (RA) and RV apex. Data were subsequently 

collected under the following conditions: sinus rhythm, RA pacing (A-pacing pre-CRT), 

A-V sequential pacing with incremental shortening of A-V delay, and RA pacing (A-pacing 

post-CRT). During A-V sequential pacing, the following A-V delays were used in 

successive order: 180ms, 160ms, 140ms, 120ms, and 100ms. The pacing rate was 100 

beats/min (n=6) or 80 beats/min (because Mobitz I A-V block occurred at faster rates, 

n=1). All pacing conditions were maintained for 1min to obtain steady-state before data 

collection. Data collection took ~1min; after this, the next pacing condition was started. 

The primary endpoint was increase in echocardiographically derived LV outflow tract 

velocity-time integral (LVOT-VTI), a measure of LV stroke volume14. The optimal A-V 

delay during A-V-pacing was defined as the A-V delay at which LVOT-VTI was maximal. 

Pacing with the optimal A-V delay was called A-V-pacing CRT. The entire pacing protocol 

was completed within 20min in all patients. 
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Echocardiographic measurements 

Echocardiographic recordings were made with a 1.6-3.2 MHz transducer following the 

guidelines of the American Society of Echocardiography. RV and LV end-diastolic and 

end-systolic areas were measured as previously reported14. Percentage of change in RV 

and LV area (fractional area change) was calculated for each ventricle by subtraction of 

end-systolic area from end-diastolic area. Pulse-wave Doppler was performed in the 

apical five-chamber view for measurements of LVOT-VTI. The intraobserver and 

interobserver variability in LVOT-VTI analysis by the readers of the echocardiograms 

(MH, HACMRdeBB, BJB) was measured by independent analyses of a set of 10 patients. 

Mitral valve inflow velocity-time integral (MV-VTI) was measured from pulse-wave 

Doppler derived transmitral velocities obtained at the mitral leaflet tips15. MV-VTI was 

used as an estimate of LV preload. Doppler-derived variables were averaged from three 

to five consecutive cardiac cycles. The color-coded Tissue Doppler Imaging traces were 

recorded and analyzed off-line by positioning sample volumes in the middle of the basal 

portions of the RV free wall and LV lateral wall segments8. From these traces, we 

measured DIVD8 along with RV and LV myocardial acceleration during isovolumic 

contraction (RV-IVA and LV-IVA)16,17. RV-IVA and LV-IVA were used as 

echocardiographic indexes for assessment of longitudinal contractility of RV and LV, 

respectively. 

 

LV hemodynamic measurements and data analysis 

Baseline hemodynamic data were obtained during routine diagnostic RV catheterization, 

including thermodilution cardiac output. LV pressure-volume loops were obtained in 

patients who also required left-sided catheterization for coronary angiography. To this 

end, a 7-F pigtail-equipped combined pressure-conductance catheter (CD Leycom, 

Zoetermeer, the Netherlands) was placed in the LV via a femoral artery. Pressure-

volume signals were displayed on a monitor after analog-to-digital conversion at 250Hz. 

The LV pressure and volume were continuously assessed at each A-V delay and periods 

of at least 20sec were selected for offline analysis. The following variables were  
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obtained18: heart rate, cardiac output, ejection fraction, stroke volume, stroke work (the 

area of the pressure-volume loop), end-systolic volume, end-diastolic volume, end-

systolic pressure, end-diastolic pressure, and peak positive (dP/dtmax) derivative of LV 

pressure. The relaxation time constant τ, an index for the active diastolic LV properties 

during isovolumetric relaxation, was defined as the time required for the LV cavity 

pressure to be reduced by one-half. 

 

Statistical analysis 

SPSS release 16.0 statistical software package for Windows (SPSS Inc., Chicago, Illinois) 

was used for analyses. Data are presented as mean±SEM or median with interquartile 

range. Linear regression analysis was performed to characterize the relation between 

DIVD and cardiac output. Data obtained during pacing were analyzed by repeated 

measures ANOVA or ANOVA on Ranks where appropriate. A value of P<0.05 was 

taken as statistically significant. 
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Results 

Baseline characteristics 

All patients used oral anticoagulants for at least 3 months before referral, and none used 

antiarrhythmic drugs. The average values of the whole cohort (n=67) were: mean 

pulmonary arterial pressure 42±2mmHg, cardiac output 4.6±0.3L/min, and DIVD 

38±4ms. In support of the notion that DIVD is a significant determinant of 

hemodynamics and functional capacity, we found that DIVD was inversely related to 

cardiac output (R= -0.48, p<0.001) (Figure 1). Baseline characteristics of the 7 patients 

who underwent A-V sequential pacing are presented in Table 1. Mean pulmonary arterial 

pressure and cardiac output in these 7 patients did not differ significantly from the rest of 

the cohort. All these patients were on bosentan treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Relation between diastolic interventricular delay (DIVD) and cardiac output. 
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Effects of A-V sequential pacing on DIVD, LVOT-VTI, LV stroke volume, and chamber size 

The intraobserver and interobserver variability in LVOT-VTI measurements were 1.0% 

and 3.8%, respectively. The pacing protocol was completed and well-tolerated in all 7 

patients. A-V pacing CRT resulted in a ~12% increase in LVOT-VTI from 15.6±0.6cm 

during A-pacing pre-CRT to 17.5±0.7cm during A-V pacing CRT (p=0.003) (Figures 2 and 

3A, Table 2). During subsequent A-pacing post-CRT, LVOT-VTI returned to its baseline 

values (15.6±0.4cm, p=0.003 vs. A-V pacing CRT; Table 2). The maximal LVOT-VTI 

during A-V-pacing CRT was found at an optimal A-V delay of 134±8ms (range 120-

160ms) (Figures 2 and 3A). The response to A-V pacing CRT was similar in 6 patients 

(LVOT-VTI increased >10% compared to A-pacing pre-CRT). In 1 patient (Patient 2, 

Table 1), no increase in LVOT-VTI was observed. Improvement in LVOT-VTI was 

accompanied by significant reduction in DIVD from 69±9ms (A-pacing pre-CRT) to 

3±11ms (A-V-pacing CRT) (Figure 3B). DIVD returned to 49±6ms during subsequent A-

pacing post-CRT (p=0.002 vs. A-V pacing CRT) (Figure 3B). In comparison with A-pacing 

pre-CRT, A-V-pacing CRT was also associated with echocardiographic evidence of 

optimization of RV and LV diastolic function (reduced RV end-diastolic area and 

increased LV end-diastolic area and MV-VTI, respectively), and significant improvements 

in RV global and longitudinal contractility (increased RV fractional area change and RV-

IVA) and LV longitudinal contractility (increased LV-IVA) (Table 2).  

As a confirmation for the echocardiographically demonstrated increase in LV 

stroke volume (LVOT-VTI), we found that LV stroke volume, measured with the 

pressure-conductance catheter, increased significantly during A-V-pacing CRT compared 

with A-pacing pre-CRT (Table 3 and Figure 4).  Moreover, LV filling improved, as 

evidenced by increases in LV end-diastolic pressure and volume; however, these changes 

did not reach statistical significance (Table 3).  
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Table 1: Baseline characteristics of patients who underwent temporary atrioventricular 

sequential pacing. 

Patient  

1 2 3 4 5 6 7 

Age, years 61 58 60 60 66 51 65 

Sex f f f f m f f 

NYHA functional class III III III III III II II 

NT-proBNP, ng/L 3604 393 1014 259 110 528 513 

DIVD, ms 110 60 100 90 90 70 80 

PAPm, mmHg 50 60 46 53 31 41 52 

PCWP, mmHg 6 12 18 12 10 7 10 

Cardiac output, L/min 5.5 3.3 4.0 4.3 6.0 3.1 3.3 

PVR, dynes/sec/cm
−5 640 1181 560 772 280 887 1018 

RA pressure, mmHg 2 3 2 6 8 7 3 

Heart rate, bpm 86 83 57 97 56 55 73 

PR duration, ms 160 165 155 185 206 182 165 

QRS duration, ms 92 82 89 86 98 87 83 

 

Abbreviations: f, female; m, male; NT-proBNP, N-Terminal prohormone Brain 

Natriuretic Peptide; NYHA, New York Heart Association; PAPm, mean pulmonary 

arterial pressure; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular 

resistance; RA, right atrium. 
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Figure 2: Measurements of pulsed-wave Doppler derived left ventricle outflow tract 

(LVOT) velocity-time integrals (VTIs) (A, C, E) and color tissue Doppler derived 

diastolic interventricular delays (DIVDs) (B, D, E) during A-pacing pre-CRT (A, B), A-V-

pacing CRT at optimal A-V delay (C, D), and A-pacing post-CRT (E, F). Tissue Doppler 

imaging recordings of velocity curves of RV free wall (yellow curves) and LV lateral wall 

(green curves). White arrows indicate DIVD measured as the time interval between 

onsets of LV and RV early diastolic relaxation velocities (between green and yellow 

dashed lines, respectively)8 (For color figure: see Appendix, page 252) 
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Table 2: Acute effects of temporary atrioventricular sequential pacing on 

echocardiographic variables. 

p-value  

A-pacing 

pre-CRT 

A-V pacing 

CRT 

A-pacing 

post-CRT 

CRT vs. 

pre-CRT 

CRT vs. 

post-CRT 

post-CRT 

vs. pre-

CRT 

Right ventricle 

ED area, cm2 20.0±1.5 16.4±1.4 20.0±1.6 0.022 0.023 1.0 

ES area, cm2 14.0±1.3 10.7±1.0 13.9±1.7 0.017 0.021 1.0 

FAC, % 31±3 35±3 32±3 0.014 0.13 0.76 

IVA, m/s2 1.3±0.3 2.8±0.4 1.5±0.3 0.016 0.016 0.31 

Left ventricle 

LVOT-VTI, cm2  15.6±0.6 17.5±0.7 15.6±0.4 0.003 0.003 0.78 

MV-VTI, cm2 12.6 [4.3] a 13.1 [4.2] a 13.2 [4.3] a 0.047 0.37 0.11 

ED area, cm2 18.3±2.5 19.9±2.9 18.5±2.8 0.009 0.02 1.0 

ES area, cm2 7.4±0.7 7.8±0.6 7.3±0.8 0.21 0.12 0.68 

FAC, %  57±3 58±3 58±3 0.43 0.89 0.21 

IVA, m/s2 1.2±0.3 2.3±0.4 1.4±0.2 0.016 0.016 0.125 

 

Data are mean±SEM or amedian [interquartile range]. Abbreviations: ED, end-diastolic; 

ES, end-systolic; FAC, fractional area change. Other abbreviations: see List of 

abbreviations 
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Discussion 

We found that temporary A-V sequential pacing at optimal A-V delay resulted in RV-to-

LV resynchronization of onset of early diastolic ventricular relaxation, and increase in 

stroke volume, in CTEPH patients with large DIVD. This was associated with DIVD 

reduction, increased RV contractility, and optimization of LV diastolic filling.    

 

RV-to-LV resynchronization of onsets of early diastolic relaxation 

A-V sequential pacing at the optimal A-V delay led to resynchronization of onsets of RV 

and LV early diastolic relaxation, as evidenced by reduction in DIVD19. Although we did 

not assess RV and LV activation patterns and action potential durations, the reduction in 

DIVD may be explained by the fact that the delays in activation and end-of-repolarization 

of RV, as we8 and others20 reported before in CTEPH patients, were corrected by RV 

preexcitation. Importantly, we previously showed that DIVD is not only present in 

CTEPH patients with right bundle branch block, but also in those without8. Accordingly, 

although none of the 7 patients reported here had right bundle branch block, DIVD was 

reduced, and stroke volume was increased, by RV preexcitation. These findings support 

the view that RV-CRT in RV failure secondary to pressure overload may not only benefit 

patients with right bundle branch block21,22, but also those with large DIVD, but no right 

bundle branch block. Of note, the maximal LV stroke volume was achieved at an average 

A-V delay of ~134ms, whereas average PR duration was ~174ms at baseline. This 

suggests that optimal A-V delay involves preexcitation of RV with respect to LV by 

≥40ms. This finding is in line with previously published optimal interventricular delay of 

40ms during biventricular pacing in experimental animals with acute PAH11, 12. However, 

shortening of A-V delay beyond the optimal A-V delay failed to further increase LVOT-

VTI in the present study (not shown). This may be due to the fact that, when a certain A-

V delay is reached (most probably, defined as the optimal A-V delay in the present 

study), shorter A-V delay results in complete transmyocardial LV activation19. Thus, 

further shortening of A-V delay cannot induce more preexcitation of RV with respect to 

LV. On the other hand, diastolic filling of both RV and LV may be altered at extremely  
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short A-V delays because of critical reduction in diastolic filling time15. Interestingly, the 

calculated RV-to-LV preexcitation of ~40 ms was associated with ~65 ms DIVD 

reduction. Since asynchrony of cardiac motion exceeds that of electrical activation23, we 

speculate that changes in DIVD may exceed the extent of electrical RV-to-LV 

resynchronization. 

 

Figure 3: Acute effects of A-V pacing CRT at optimal A-V delay on left ventricle outflow 

tract velocity-time integral (LVOT-VTI) (A), DIVD (B). * and # - significant difference 

versus A-pacing pre CRT and A-pacing post CRT, respectively (see “Results” for p-

values). QRS duration increased from 88±2ms during A-pacing pre-CRT to 136±8ms 

(p<0.001) during A-V-pacing CRT at the optimal A-V delay. 
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Proposed mechanisms of LV stoke volume increase during A-V-pacing CRT  

Although several studies have shown that permanent RV pacing can have adverse effects 

on LV performance in patients with sick sinus syndrome24 and myocardial infarction25, we 

found no indication that LV global function deteriorated during A-V sequential pacing for 

~20 minutes. To the contrary, RV-to-LV resynchronization of onset of early diastolic 

relaxation at optimal A-V delay resulted in augmented LV stroke volume. Similarly, 

significant increase in cardiac output was observed when RV was preexcited with respect 

to LV by biventricular pacing in animals with PAH11 and acute pulmonary stenosis12,13. 

Since delayed onset of RV relaxation in patients with CTEPH and other types of PAH is, 

in part, responsible for diminished effectiveness of RV contraction and altered LV early 

diastolic filling7, the improvement in LV stroke volume, observed in the present study, 

might be explained by the following mechanisms.  

Firstly, RV-to-LV resynchronization of onsets of early diastolic ventricular 

relaxation resulted in improved global and local longitudinal contractility of RV (RV 

fractional area change and RV-IVA, respectively). In line with the present study, improved 

global RV contractility during biventricular pacing with RV-to-LV preexcitation increased 

cardiac output in animals with PAH11 and patients with RV failure21. In turn, enhanced 

global RV contractility may result from local26 and global RV preload optimization27, 28. In 

patients with CTEPH, RV volume and size are markedly augmented in diastole29. In the 

present study, the significant reduction in RV end-diastolic dimension (RV end-diastolic 

area) during A-V-pacing CRT may have diminished RV end-diastolic myocardial fiber 

stretch and shifted the operating point of RV myocardial fibers from the descending limb 

of the Frank-Starling relation to the position at which they shorten more efficiently27, 28. 

In patients with left-sided heart failure, biventricular CRT with a short A-V delay 

optimizes LV diastolic filling15. Similarly, in the present study, RV-to-LV preexcitation by 

A-V delay shortening during A-V sequential pacing may have reduced RV but not LV 

preload by shortening the dominant (atrial) phase of RV diastolic filling, as reported in 

patients with PAH30. In addition, minimization of leftward shift of the interventricular 

septum may also have contributed to increased global RV contractility13.  
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Table 3: Acute effects of temporary atrioventricular sequential pacing on LV dynamics 

(derived from LV pressure-volume relationship obtained by conductance catheter).  

p-value  

A-pacing 

pre-CRT 

A-V pacing 

CRT 

A-pacing 

post-CRT CRT vs. 

pre-CRT 

CRT vs. 

post-

CRT 

post-CRT 

vs. pre-

CRT 

Diastolic function 

EDV, mL 87±15 94±15 91±17 0.16 0.52 0.22 

EDP, mmHg 8.1±1.3 12.9±2.2 9.7±1.5 0.077 0.22 0.10 

τ, ms 33±2 33±2 33±2 0.65 0.84 0.59 

Systolic function 

ESV, mL 44±11 44±10 43±12 0.87 0.89 0.93 

ESP, mmHg 123±11 123±11 128±14 0.88 0.79 0.84 

Ejection fraction, % 51±4 55±3 55±4 0.42 0.86 0.23 

dP/dtmax, mmHg/s 1801±106 1735±74 1894±124 0.18 0.13 0.25 

Global function 

Stroke volume, mL 44±4 50±6 48±6 0.018 0.63 0.099 

Stroke work, 

mmHg*L 
4.9±0.4 5.1±0.6 5.1±0.3 0.91 0.95 0.75 

Data are mean±SEM. Abbreviations: see List of abbreviations. 

 

Secondly, significant decrease in RV end-diastolic dimension (RV end-diastolic 

area decrease) during A-V pacing CRT led to LV preload improvement (most likely due 

to direct diastolic interventricular interaction31-33), as demonstrated by significantly 

increased MV-VTI, LV end-diastolic area, and the trends in increases in end-diastolic 

pressure and volume (Table 2). Yet, increased LV diastolic filling due to improved RV 

systolic performance cannot be excluded34. Besides that, RV pacing may result in 

reciprocal (LV) local effective preload optimization26. Increased LV diastolic filling may 

stretch the LV myocardial fibers to their optimal length which allows optimizing fiber 

shortening in accordance with the Frank-Starling effect. In support for this explanation,  
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indexes of global LV contractility (dP/dtmax, ejection fraction, and fractional area change) 

were not significantly changed (Table 2 and 3), while LV stroke volume improved. 

Similarly, cardiac output augmentation by RV-to-LV preexcitation in animals with 

experimental pulmonary stenosis was related to increased LV end-diastolic diameter and 

geometry optimization13. However, it is most likely that RV-to-LV resynchronization of 

onset of early diastolic filling allows the heart to work more efficiently13, 35-37 by all above 

mechanisms, leading to improved interventricular interaction during both systole and 

diastole. 

 

Figure 4: Acute effects of A-V pacing CRT at optimal A-V delay on LV pressure-volume 

relationship (A) and LV stroke volume (B). *- p=0.018 versus A-pacing pre-CRT. 
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Study limitations and future studies 

This proof-of-concept study has several limitations. Firstly, a small number of subjects 

was included. Still, the results were consistent between the subjects. Secondly, we did 

not adjust interventricular delay by biventricular sequential pacing, but elected to 

perform A-V sequential pacing in this acute study, because of its technical simplicity, 

feasibility and safety38. Biventricular pacing may allow for more accurate optimization of 

RV-to-LV preexcitation by controlling interventricular delay39. Still, the maximal increase 

in LVOT-VTI was achieved during A-V sequential pacing at an average A-V delay that 

was, on average, ~40ms shorter than the patient’s PR duration at baseline. This finding is 

in close agreement with previous experimental animal studies that demonstrated 

hemodynamic improvement when RV was excited 40ms before LV during biventricular 

pacing11, 12. Thirdly, we performed only RV apical pacing, although we cannot exclude that 

pacing from other RV regions (e.g., the RV outflow tract, the last region of RV to be 

excited) may have been more beneficial40, 41. Fourthly, we did not assess changes in 

transseptal pressure gradient. However, the observed trend in LV-EDP increase during 

A-V pacing CRT suggests improvement in transseptal pressure gradient42. Finally, our 

data demonstrated acute augmentation of LV stroke volume, but proving that RV 

preexcitation is clinically beneficial in more chronic settings requires further study. 

Future studies must also establish the minimum DIVD at which RV preexcitation remains 

beneficial. This is of particular relevance, as experimental studies have indicated that RV 

preexcitation in control animals without PAH (and, presumably, without DIVD) resulted 

in hemodynamic deterioration11-13. 
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Clinical implication 

Our findings indicate that echocardiographically assessed DIVD reduction by RV 

preexcitation (RV-CRT) improves acute hemodynamics in patients with CTEPH. Hence, 

RV-CRT may become a novel therapeutic option for CTEPH patients who are not 

eligible for pulmonary endarterectomy, or those who have persistent PAH and DIVD, 

and no clinical improvement, after pulmonary endarterectomy. It is also conceivable that 

these findings are also clinically relevant for other patients with RV hypertrophy/failure, 

e.g., those who suffer from other categories of PAH. Of note, clinical benefit may be 

obtained both for patients with and without right bundle branch block, provided they 

have sufficiently large DIVD. Accordingly, a recent consensus on interventional and 

surgical modalities of treatment in PAH states that RV-CRT has potential and is likely to 

be safe for a pilot study in PAH patients43. 

 

Conclusion 

RV-to-LV resynchronization of onset of early diastolic ventricular relaxation resulted in 

stroke volume increase in CTEPH patients with large DIVD. This was associated with 

DIVD reduction, increased RV contractility, and optimization of LV diastolic filling. 

Maximal hemodynamic improvement was achieved during A-V pacing CRT at A-V delay 

of ~40ms shorter than a patient’s PR duration. 
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