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 Abstract 
 

INTRODUCTION 
Functional Mitral Regurgitation (MR) is common in patients with Chronic Heart Failure 
(CHF) and may contribute to exercise limitation. Whether and how Cardiac 
Resynchronization Therapy (CRT) that has been shown to improve symptoms in CHF, also 
reduces functional MR at rest and during exercise, is currently unclear.  
 METHODS and RESULTS 
Twenty-one patients with left ventricular (LV) systolic dysfunction and functional MR at rest, 
treated with CRT, were studied. Each patient performed a symptom-limited maximal exercise 
with continuous 2D-Doppler echocardiography twice. The first exercise was performed with 
CRT; the second exercise was performed without CRT. Mitral regurgitant volume (RV) and 
effective orifice area (ERO), and LV +dP/dt were measured at rest and at peak exercise. 
Resting mitral ERO and RV were mildly reduced by CRT (8±2 vs 11±2 mm2, p=0.02 and 
13±3 vs 18±3 ml, p=0.03 respectively). 
Cardiac RT attenuated the spontaneous increase in mitral ERO and RV during exercise (1 ± 1 
versus 9 ± 2 mm2, p=0.004 and 1 ± 1 versus 8 ± 2 ml, p=0.004 respectively). Cardiac RT also 
significantly increased exercise-induced changes in LV +dP/dt (140 ± 46 versus 479 ± 112 
mmHg/s, p<0.001). 
CONCLUSION 
Attenuation of functional MR, induced by an increase in LV contractility during dynamic 
exercise, may contribute to the beneficial clinical outcome of CRT in patients with CHF and 
LV asynchrony.  
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INTRODUCTION 
Patients with chronic heart failure (CHF) due to left ventricular systolic dysfunction 

commonly develop functional mitral regurgitation (MR) at rest 1. Functional MR may worsen 
when these patients exercise 2,3.Worsening functional MR during exercise may negatively 
impact on the long term outcome of patients with CHF by further activating neurohormonal 
systems.  
Cardiac resynchronization therapy (CRT) improves clinical outcome in patients with severe 

CHF 4,5. The present study was undertaken to assess, non invasively, the acute effects of 
CRT on functional MR at rest and during dynamic exercise.  
MATERIALS AND METHODS 
Study population 
We screened 39 patients with CHF, functional MR and CRT. Eighteen of these patients were 
excluded for poor acoustic window (n=4), sinus or atrio-ventricular blocks (n=5), atrial 
fibrillation (n=3), wire displacement (n=2), orthopedic limitation (n=2), and improved 
LVEF>45 % (n=2). 
The study involved the remaining thirteen men and eight women (age 67±2 years old) with 
CHF due to ischemic (n=8) or non-ischemic dilated cardiomyopathy (LV end-diastolic 
diameter 69±4 mm, LV end-diastolic volume 249 ± 19ml), and reduced LV ejection fraction 
(LVEF 22 ± 1%). These twenty-one patients had undergone CRT for a mean time duration of 
2.3±1.3 months. All patients were in sinus rhythm and had prior to pacemaker implantation a 
left bundle branch block (mean QRS interval 175 ± 16ms). The devices were programmed in 
the DDDR mode with shortest programmable AV delay (mean 135 ± 4 ms) to ensure full and 
permanent biventricular capture and to provide, by Doppler echocardiography, the longest 
filling time and optimize LV end-diastolic flow before onset of systole 6. The progammable 
interventricular delays were not modified as the nominal settings provided the best 
resynchronization modality. In addition to CRT, all patients were receiving optimal medical 
therapy with loop diuretics, ACE inhibitors and beta blocking agents except two who did not 
tolerate beta-adrenergic-blockade. None of the patients had primary valvular disease, aortic 
regurgitation, or inducible myocardial ischemia. All patients signed an informed consent.  
Exercise echocardiography 
Symptom-limited maximal exercise was performed on a semi-recumbent bicycle ergometer 
with workload starting at 25 watts and increased by 20 watts every 3 minutes. Blood pressure 
was measured every 2 minutes. A 12-lead ECG was continuously monitored. Patients 
received their usual medications, the morning of the study.  
Echocardiography analysis 
Continuous two-dimensional and Doppler echocardiographic studies were performed with a 
scanner (ATL 5000, Philips) equipped with a 2-4-MHz transducer. All studies were recorded 
digitally onto a magneto-optical disk for subsequent analysis.  
LV volumes and LV ejection fraction were calculated using the Simpson biplane method. The 
aortic pulsed wave Doppler time-velocity integral was recorded in apical 5 chambers view. 
The proximal flow convergence (PFC) technique has been validated as a quantitative Doppler 

method to calculate regurgitant flow volume (RV) and effective orifice area (ERO) at rest 7 

and exercise 2. The PFC region was imaged and expanded in the apical four-chamber view.  
The aliasing velocity Vr was carefully adjusted (20 to 40 cm/s) and unchanged during 
exercise. The radius r of the hemispheric PFC was measured in mid-systole. Maximal 
regurgitant velocity and regurgitant time-velocity integral (RTVI) were obtained from 
continuous wave Doppler. The instantaneous regurgitant flow is measured as: Regurgitant 
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flow  = 2π × r2 × Vr. The following parameters are calculated: ERO = Regurgitant flow / 
Maximal regurgitant velocity, and RV = ERO × RTVI. RV was also measured from the 
echocardiographic Doppler method 7. LV contractility was assessed by LV +dP/dt using 

continuous wave Doppler recording from the mitral regurgitation 8. Systolic pulmonary artery 
pressure was derived from Doppler echocardiograpic measurement of tricuspid regurgitation 
velocity.  
Inter-ventricular asynchrony was assessed at rest using standard pulsed Doppler. Aortic 
ejection delay was defined as the delay between the onset of the QRS and the onset of the 
systolic aortic flow.  Pulmonary ejection delay was defined as the delay between the onset of 
the QRS and the onset of the systolic pulmonary flow that was recorded from the parasternal 
view. Interventricular asynchrony was calculated from the difference between the aortic and 
the pulmonary ejection delays. Pulsed tissue Doppler imaging was used to evaluate at rest 

intraventricular synchronism as previously described 9. The explored areas were the basal 
segments of the septum, lateral wall, inferior wall and anterior wall. Parietal delay was 
measured between the onset of the QRS and the onset of the S wave. Intraventricular 
asynchrony was calculated from the difference between the earliest and the most delayed site.  
All measurements were performed with and without CRT. At least 3 cardiac cycles were used 
for each measurement, and the average value was taken. Absolute interobserver differences 
for regurgitant volume reached 1.8±1ml at rest and 2±3ml during exercise. 
Study protocol 
All patients were allowed a resting period of 6 hours in between symptom limited maximal 
exercises. Patients exercised first with CRT and at least 6 hours after CRT had been 
discontinued. 
Statistical analysis 
Continuous variables are expressed as mean ± SEM. Changes at rest and during exercise at 
both device settings were compared using a paired non-parametric test (Wilcoxon test). The 
correlation between RV obtained from the PISA method and RV calculated by the 
echocardiographic Doppler method was assessed using the regression analysis of Spearman. 
Significance was accepted at p<0.05. 
RESULTS 
Hemodynamic and echocardiographic data are summarized in table 1. 
Resting conditions  
Cardiac RT significantly reduced inter-ventricular and left intra-ventricular delays (19±4 vs 
52±11 ms, p<0.001 and 64 ±10 vs 113±17 ms, p<0.001 respectively). Resting heart rate and 
systolic blood pressure were unaffected by CRT. Similarly, resting LV ejection fraction 
remained unchanged (22±1 vs 22±1 %, NS). However, CRT increased LV +dP/dt from 432 ± 
46 to 590 ± 36 mmHg/s (p< 0.001). Averaged maximal MR velocity also increased with CRT 
(442±15 vs 452±16 cm/s, p=0.003). Resting mitral ERO and RV were mildly reduced by CRT 
(8±2 vs 11±2 mm2, p=0.02 and 13±3 vs 18±3 ml, p=0.03 respectively).  
Exercise-induced changes 
Continuous ECG monitoring documented effective CRT at all heart rates. The increase in 
heart rate during dynamic exercise was similar with and without CRT (30±4 and 31±3 
beats/min). The rise in systolic blood pressure was greater with CRT than without CRT (14±4 
versus 10±4 mmHg, p<0.001). Exercises with CRT and without CRT were of similar duration 
(5.8 ± 0.6 vs 5.5 ± 0.6 min). Cardiac RT improved LVEF (p=0.007) and reduced slightly the 
increase in pulmonary artery pressure during exercise (p=0.001). Forward stroke volume 
assessed by LVOT VTI increased during dynamic exercise with CRT while it decreased 
during exercise without CRT (1.4 ± 0.6 versus – 0.4 ± 0.5 cm, p<0.001). Cardiac RT 
substantially enhanced ∆ LV +dP/dt during dynamic exercise when compared to exercise 
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performed without CRT (140 ± 46 versus 479 ± 112 mmHg/s, p<0.001). Furthermore mean 
MR maximal velocity increased during exercise with CRT as it decreased without CRT (+25 
± 11 versus –34 ± 11 cm/s, p=0.001) (fig.1). Cardiac RT significantly reduced mitral ∆ ERO 
and ∆ RV during dynamic exercise when compared to exercise without CRT (1 ± 1 versus 9 ± 
2 mm2, p=0.004 and 1 ± 1 versus 8 ± 2 ml, p=0.004 respectively) (fig.2). In the 15 patients 
with moderate MR (RV below the median value of 15 ml), CRT had similar effects on ∆ ERO 
and ∆ RV (2 ± 1 versus 8 ± 2 mm2, p=0.017 and 3 ± 1 versus 9 ± 2 ml, p=0.03 respectively), 
as well as in the 6 patients with more severe MR (-2 ± 4 versus 10 ± 4 mm2, p=0.02 and -4 ± 4 
versus 6 ± 4 ml, p=0.02 respectively). Figure 3 shows an example of the PFC zone and the 
envelope of the jet of the MR obtained at maximal exercise with (left) and without (right) 
CRT. The correlation between mitral RV calculated by the pulsed Doppler quantitative 
method and mitral RV obtained by the PISA method was tighter during exercise than at rest 
(Rho=0.84, p<0.0001 and Rho=0.73, p=0.0003 respectively). 
DISCUSSION 
The present data clearly indicate that acute CRT attenuates functional MR volume during 
dynamic exercise in patients with LV dilatation and dysynchrony.  
Several mechanisms lead to functional MR in patients with dilated and poorly contracting left 
ventricles. These mechanisms include mitral annulus dilatation, apical displacement of the 
papillary muscles, and reduced transmitral force closure secondary to LV systolic dysfunction 
10,11.  Left ventricular asynchrony further reduces LV systolic performance, and thereby 
exacerbates functional MR in patients with dilated left ventricles. Conversely, by producing a 
more efficient LV contraction, CRT may increase transmitral force closure and thereby 

reduces the severity of functional MR 12. In our patients, CRT increased LV contractility by 
two fold during dynamic exercise. This two-fold increase in LV contractility presumably 
resulted in a marked increase in transmitral force closure. Moreover the increase in MR 
maximal velocity during exercise with CRT reflects an increase in transmitral pressure 
gradient resulting in a decrease in ERO.  
Although acute CRT increased forward stroke volume and thereby cardiac output during 
dynamic exercise, it did not affect the duration of symptom limited maximal exercise. The 
dissocation between maximal functional capacity and resting left ventricular performance is 

well documented in patients with CHF 13. This dissociation is also observed during acute 
administration of positive inotropic agents such as dobutamine and vasodilators such as 

angiotensin converting enzyme inhibitors 14,15. The alterations in skeletal muscle 
metabolism, mass and vasculature that primarily limit peak functional capacity in ambulatory 
patients with CHF are unlikely to be reversed by acute interventions. 
Surprisingly biventricular pacing did not significantly affect pulmonary pressures during 
dynamic exercise in our series. However, multiple intricate factors at rest and during exercise 
account for the variability of the degree of pulmonary hypertension in patients with left 
ventricular systolic dysfunction. In left ventricular systolic dysfunction, pulmonary pressures 
depend not only on severity of mitral regurgitation but on LV diastolic function 16, pulmonary 
vascular resistance, loading conditions and right ventricular function. 
Study limitations  
Although the symptom limited maximal exercises were separated by at least 6 hours, patients 
with CHF were asked to perform 2 maximal exercises within the same day. While one cannot 
exclude the possibility that the second exercise was affected by residual fatigue such 
possibilty biases our study towards CRT. Assessment of myocardial asynchrony during 
exercise may allow to better characterize how does myocardial asynchrony contribute to 
worsen functional MR during dynamic exercise. However, concomitant quantification of 
functional MR and myocardial asynchrony was technically impossible during exercise. 
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Echocardiographic evaluation of CRT cannot be achieved in double-blind fashion. However, 
the disparate effects of CRT on echocardiographic-Doppler parameters indirectly attest to our 
unbiased approach. Lastly this is a descriptive study involving a limited number of patients. 
More patients have to be enrolled and followed-up to try to correlate the extent of MR 
exercise-induced response with the clinical response. 
Conclusion  
Cardiac RT acutely attenuates functional MR during dynamic exercise in patients with left 
ventricular dilatation and asynchrony. Attenuation of functional MR during dynamic exercise 
may be in part responsible for the beneficial effect of long-term CRT on the clinical outcome 
of patients with CHF 5. 
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Table 1 ON OFF 
 

  
REST 

 
EXERCISE 

 
REST 

 
EXERCISE 

     

Heart Rate (beats/min) 66±3 93±4✝ 67±3 96±4✝ 

Systolic Blood Pressure (mmHg) 115±4 127±4✝ 111±3 118±6 

LV EF (%) 22±1 26±2* 22±1 22±2 

LV +dP/dt (mmHg/s) 590±39 1069±118✝ 432±46 572±62✝ 

LVOT VTI (cm) 11±0.3 13±0.7* 12±0.6 11±0.8 

Mitral ERO (mm2) 8±2 9±2 11±2 19±3✝ 

Mitral RV (ml) 13±3 14±3 18±3 26±3✝ 

Maximal MR velocity (cm/s) 442±15 467±11✝ 452±16 418±13✝ 

Transtricuspid Gradient (mmHg) 27±2 49±4✝ 28±2 52±4✝ 

* : P<0.05 Peak exercise versus resting condition; 
✝
 P<0.01 Peak exercise versus resting condition.
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FIGURE LEGENDS 
Figure 1. 
Cardiac RT enhanced forward stroke volume (LVOT VTI) and myocardial contractility 
during dynamic exercise as demonstrated by a significant increase in left ventricular +dP/dt 
and maximal MR velocity. Open bars = cardiac RT ; solid bars = without cardiac RT. Data 
are presented mean ± SEM. 
Figure 2. 
Cardiac RT attenuated the increase in mitral RV and ERO during dynamic exercise when 
compared to exercise performed without cardiac RT. Open bars = Cardiac RT, solid bars = 
without cardiac RT. Data are presented mean ± SEM. 
 
Figure 3. 
Shown are representative color flow (up) and continuous wave (middle) Doppler 
echocardiograhic recordings with corresponding ECG tracings (down) in a representative 
patient at maximal exercise with cardiac RT (left) and without cardiac RT (right). Note that 
LV +dP/dt and maximal MR velocity were reduced without CRT. 
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