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Abstract

:

Background. Cardiac contractility modulation (CCM) is a novel device-based therapy for patients with heart failure with reduced and mild reduced ejection fraction (HFrEF/HFmrEF). CCM increases cardiac performance and produces reverse left ventricular remodeling, with improved symptoms, functional capacity, quality of life, and reduced HF-related hospitalizations. However, to date, little evidence is available on the effects of CCM on right ventricle (RV) function. Therefore, we analyzed the effects of CCM on RV systolic function and RV–pulmonary artery (PA) coupling. Methods. Twenty-one (65 ± 12.5 years) patients with NYHA class III, ejection fraction < 40% and QRS < 120 ms were assessed at baseline. During follow up, two patients had died, and so nineteen patients were evaluated six months after CCM therapy. Using echocardiography, tricuspid annular systolic excursion (TAPSE), myocardial systolic excursion velocity (RVs), and RV free-wall strain was measured. PA systolic pressure (PASP) was estimated from tricuspid regurgitation, adding the right atrial pressure estimation. The RV-PA coupling was calculated as TAPSE/PASP ratio. Results. After six months, patients who underwent CCM therapy showed a reduction in RV diameters and improved RV systolic function, as evidenced by the increase in both TAPSE (16.6 ± 4.2 mm vs. 18.5 ± 3.6 mm; p < 0.05), RVs (10.1 ± 1.8 cm/s vs. 11.3 ± 11.4 cm/s; p < 0.05), and RV strain (−13.7 ± 1.8% vs. −15.6 ± 2.3%; p < 0.05). CCM also determined a reduction in PASP (34.2 ± 9.8 mmHg vs. 28 ± 6.2 mmHg; p < 0.05) and an increase in the TAPSE/PASP ratio (0.52 ± 0.14 mm/mmHg vs. 0.66 ± 0.23 mm/mmHg; p < 0.05). Conclusions. At six months, CCM increases RV reverse remodeling and performance, reducing RV size and improving RV systolic function, PASP, and RV-PA coupling.
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1. Introduction


Heart failure (HF) is the most common cardiovascular disease worldwide, with more than 25 million people being affected in industrialized countries [1].



Despite advances in pharmacologic therapies for treating patients with HF with reduced ejection fraction (HFrEF), the prognosis of such patients remains poor [2,3]; therefore, device-based therapy has become increasingly important in recent years for the treatment of HFrEF.



The most widely used device-based therapy for the treatment of HFrEF is cardiac resynchronization therapy, which can lead to improved cardiac performance and prognosis in patients with HFrEF and wide QRS (duration > 150 ms) [4].



Unfortunately, only 30% of HFrEF have a QRS duration > 150 ms [5]. For patients with persistent symptoms or frequent HF-related hospitalizations but with narrow QRS, a new device (Optimizer Smart®) capable of delivering cardiac contractility modulation (CCM) therapy has been available for several years [6].



Optimizer Smart delivers non-excitatory electrical impulses on the interventricular septum during the absolute refractory period of cardiomyocytes; therefore, it does not alter the cellular action potential and does not affect heart rhythm [7].



CCM affects Ca2+ handling in cardiomyocytes, the expression of genes encoding factors that play a crucial role in Ca2+ metabolism, and molecular pathways involved in interstitial fibrosis [8,9].



These actions result in reverse left ventricular remodeling and increased cardiac performance, improving symptoms, functional capacity, quality of life, and reduced HF-related hospitalizations [10,11].



However, to date, there is little evidence available on the effect of CCM on right ventricular performance; thus, in this study, we analyzed the effects of CCM on right ventricular systolic function and right ventricle–pulmonary artery (RV-PA) coupling in patients with HFrEF.




2. Materials and Methods


2.1. Study Population


We prospectively and consecutively enrolled all patients diagnosed with HFrEF undergoing Optimizer Smart® implant between November 2019 and November 2021.



The following inclusion criteria were used:




	-

	
HFrEF with a left ventricular ejection fraction < 40%;




	-

	
NYHA class II–III;




	-

	
QRS duration < 120 ms.




	-

	
The following exclusion criteria were used:




	-

	
Acute coronary syndrome in the previous three month;




	-

	
Non-optimal medical therapy with disease modifier drugs for HFrEF.









Demographic, clinical, and laboratory data were acquired from stable patients 24 h before device implantation.



The research was conducted according to the Declaration of Helsinki and approved by the ethics committee of the AORN dei Colli-Ospedale Monaldi (resolution No. 903/2020).



Signed informed consent was obtained for all patients.




2.2. Optimizer Smart Implant


Implantation of the Optimizer Smart® (Impulse Dynamics Inc., Marlton, NJ, USA) was performed under local anaesthesia.



Two electrodes, required to detect ventricular activity and subsequent delivery of CCM signals, were placed on the right interventricular septum via the subclavian vein.



The ends of both ventricular electrodes were actively attached to the right side of the interventricular septum at least 3 cm away from the implantable defibrillator lead.



Finally, both leads were connected to the Smart Optimizer®, and the device was implanted in a subcutaneous pocket (Figure 1)




2.3. Echocardiographic Evaluation


Standard transthoracic echocardiography and Doppler assessment were performed with available market equipment (Vivid E9—GE Healthcare, Chicago, IL, USA) as recommended elsewhere [12,13].



Two expert echocardiographers analysed all echocardiographic studies, and the value of specific measurements was obtained from the average of 3–5 cardiac cycles.



Systolic excursion in the tricuspid annular plane (TAPSE) was measured in the optimized 4-chamber apical view to obtain the correct M-mode orientation.



Myocardial systolic excursion velocity (S’) was measured at the lateral tricuspid annulus with pulsed tissue Doppler imaging (TDI).



The pulmonary artery systolic pressure (PASP) was inferred from the maximum velocity of the tricuspid regurgitant jet (in accordance with the modified Bernoulli equation). Adding to the obtained value, the right atrial pressure was calculated according to the size and collapsibility of the inferior vena cava following international recommendations. LV and LA volumes were measured using the modified Simpson’s rule with biplane planimetry [13].



Right ventricular myocardial strain parameters were measured using the Q-Analysis software package (EchoPAC BT2.02; GE Vingmed, Horten, Norway). After manually identifying the end-systolic endocardial boundary of the right ventricle by locating three points (two on the tricuspid annulus) and one on the apex of the right ventricle, a region of interest (ROI) was automatically generated.



Next, the width of the ROI was manually adjusted to include the entire myocardial wall. Finally, according to international recommendations, we calculated the RV free-wall longitudinal strain (RVFWLS) value by averaging the values obtained from the three free-wall segments.



Right ventricular arterial coupling was estimated as the ratio of the TAPSE and PASP value.



Echocardiographic evaluations were performed for all patients 24 h before and 6 months after Optimizer Smart® implantation.




2.4. Statistical Analysis


Statistical analyses were performed using Prism 9 (GraphPad Software, San Diego, CA, USA).



Demographic and clinical variables were expressed as medians and standard deviations. Qualitative variables were expressed as both numbers and percentages. Wilcoxon-rank test was used to compare the differences between values at baseline and treatment values in case of non-normal distribution; a t-test was used for variables with normal distribution. All p-values were two-sided; p < 0.05 indicated statistical significance.



ROC (Receiver Operating Feature) curve analysis was performed to select the cut-off of echocardiographic measures. The reproducibility of measurements was determined in all patients, considering inter-observer and intra-observer variability by using intraclass correlation (ICC).





3. Results


During the study period, we enrolled 21 patients with HFrEF who underwent Optimizer Smart implant®. Demographic and clinical characteristics are reported in Table 1.



Of the overall population enrolled, 9 patients (42%) had an ischemic form of HFrEF, (left ventricular ejection 29 ± 6%) and 4 patients (19%) had a low TAPSE (<16 mm) and S wave (<10 cm/s) values.



At six months, 2 patients (10%) died, while the follow-up echocardiographic data were collected for 19 patients (90%). No significant changes in disease modifiers drugs doses occurred during follow up (Table 2). The r coefficient value for intra-observed variability was 0.82 and 0.78 for inter-observed variability.



3.1. Effects of CCM on RV Reverse Remodeling and Contractility Index


The echocardiographic index of RV contractility improved in patients enrolled in the study during follow up.



There was a significant reduction in RV end-diastolic transversal diameters (p < 0.05) (Table 3), while the severity of tricuspid regurgitation remained stable (Table 3).



As shown in Figure 2 and Figure 3, a statistically significant increase in both TAPSE (16.6 ± 4.2 mm vs. 18.5 ± 3.6 mm; p < 0.05) and S wave (10.1 ± 1.8 cm/s vs. 11.3 ± 11.4 cm/s; p < 0.05) occurred at six months.



Concurrently, a significant increase in more specific and reproducible index of RV function, the RVFWLS occurred (−13.7 ± 1.8% vs. −15.6 ± 2.3%; p < 0.05; Figure 3).



Notably, the increase in all the parameters of RV function occurred in patients with a standard RV function rather than in patients with reduced ventricular function at baseline (p = 0.12).




3.2. Effects of CCM on PASP


Positive effects of CCM on right ventricular performance determine hemodynamic benefits, too.



As shown in Figure 4, CCM determines, at six months, a significant reduction in PASP (34.2 ± 9.8 mmHg vs. 28 ± 6.2 mmHg; p < 0.05); also, in this case, these effects are present both in patients with normal values at baseline and in patients with a high PASP value at enrollment (p = 0.78).




3.3. Effects of CCM on RV-PA Coupling


The positive effects that CCM therapy brings about both in terms of increasing right ventricular contractility indices and reducing pressures in the pulmonary circulation result in improved coupling between RV and PA. In fact, at six months of follow up, the TAPSE/PAPS ratio improves significantly (0.52 ± 0.14 mm/mmHg vs. 0.66 ± 0.23 mm/mmHg; p < 0.05; Figure 5).





4. Discussion


For the first time, our data show that in patients with HFrEF, CCM therapy can improve after six months of follow-up RV systolic function, as evidenced by an increase in both tapes, RVS wave value and RVFWLS, which resulted in RV reverse remodeling. All three indices of RV function increased in both normal and reduced RV function patients. At six months follow up, the degree of tricuspid regurgitation remained stable.



At six months, CCM also determined a significant reduction in PASP in patients with normal values at baseline and those with high PASP values at enrollment.



Furthermore, the positive effects of CCM in terms of increasing RV contractility and reducing pulmonary pressures resulted in improved coupling between RV and PA, as evidenced by an increase in the TAPSE/PAPS ratio.



4.1. Improvement of RV Reverse Remodeling Systolic Function after CCM


Although several studies reported improvements in symptoms, exercise capacity, and LV global and regional LV contractility, whether CCM would induce favorable changes in RV systolic function was largely unknown.



As guidelines [13] recommended, RV size was measured from a four-chamber view in the context of the left ventricle. Both basal and mid-cavity diameters were reduced, suggesting a favorable RV remodeling; however, the severity of tricuspid regurgitation remained stable, maybe because of the presence of leads passing from the right atrium to the RV through the valve.



In this study, we found that all three RV systolic function indices (TAPSE, S wave, RVFWLS) improved after 6 months of CCM therapy.



TAPSE is a measure of longitudinal contraction of the RV. It requires no geometric assumptions, it has the advantage of being obtained even with poor images, and it can be measured on all ultrasound machines [14].



TAPSE has prognostic value in a variety of conditions that may affect the RV, such as HFrEF [15] and pulmonary hypertension [16,17].



TDI-derived lateral tricuspid annulus S-wave velocity is easy to measure, reliable, and reproducible. Like TAPSE, it is a unidimensional measure and evaluates RV longitudinal function [16].



Unlike wall motion displacement (TAPSE) or velocity (S wave), RV free-wall myocardial strain (myocardial deformation) is unaffected by the motion of the entire heart and allows distinction between active and passive myocardial tissue movement. RVFWLS is an angle-independent speckle-tracking echocardiography (STE)-derived parameter that is very useful for the evaluation of RV contractile function. It has prognostic value for cardiovascular morbidity and mortality [18,19].



Therefore, as previously demonstrated for LV global and regional systolic function [20], in our study the CCM also seems to improve RV systolic function, increasing global RV contractility, not just limited to the septal wall where CCM signals were delivered.



Similar to the findings in our study, in an animal model of chronic right ventricular dysfunction, CCM has been shown to improve global cardiac function significantly inboth ventricles [21].



CCM seems to be useful in HFrEF patients to improve both LV and RV systolic function, probably given its proven effects on regional and global myocardial contractility [20] and given the key role played by the interventricular septum in the contractility of both ventricles via ventricular interdependence [15,22,23]. Furthermore, Yucel G et al. showed better positive biventricular echocardiographic results in patients with lower LVEF, probably because the intensity of LVEF reduction appears to be correlated partly with impaired neuro-humoral activation associated with HF, assuming that the underlying mechanism could be “the worse the LVEF at baseline, the more can be repaired” [24].




4.2. Improvement of PASP after CCM


Similar to a recent case report, which shows the positive effect of CCM on pulmonary pressure measured by Cardio MEMS [25], in this study we found that CCM determined a significant reduction in PASP at six months. The favorable effect of CCM on pulmonary pressure would be due to the improvement in both ventricles’ contractility.




4.3. Improvement of RV-PA Coupling after CCM


We found an improvement RV-PA coupling after 6 months of CCM, evidenced by the increase TAPSE/PASP ratio, which incorporates both RV longitudinal displacement and load. This index assesses RV contraction by plotting fiber longitudinal shortening versus the force generated to overcome the imposed load [26,27].



Unlike TAPSE, S wave and FWRVLS depend on RV loading conditions. TAPSE/PASP ratio allows estimation of RV performance, and it is also a non-invasive index of RV to pulmonary circulation coupling based on the correlation with invasively evaluated RV systolic elastance/arterial elastance [27]. This echocardiographic index is a predictor of mortality in patients with HFrEF and with severe PAH [28,29].





5. Study Limitations


The relatively small sample size, single-centre study design, and observational nature of the study may affect our results. STE can be affected by RV loading conditions.



We do not assess RV with 3D echocardiography.




6. Conclusions


At six months follow up, CCM therapy increased RV performance, improving RV systolic function, PASP, and coupling between RV and PA. A better forward ejection of blood could be useful for RV reverse remodeling.



Additional larger studies are needed to provide a greater understanding of the long-term impact of CCM on RV.
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Figure 1. An example of the Optimizer Smart® implant in a female patient with a subcutaneous ICD. Note the presence of the impulse pocket generator (black arrow) and of two electrodes for the delivery of CCM therapy (red arrows). 
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Figure 2. Effects of CCM therapy of right ventricular contractility indexes. * = p < 0.05. 
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Figure 3. Example of the effects of CCM on TAPSE (panel (A,C)) and S wave (panel (B,D)) at six months follow-up. 
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Figure 4. Effects of CCM on pulmonary artery systolic pressure. * = p < 0.05. 
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Figure 5. Effects of CCM on right ventricular arterial coupling. * = p < 0.05. 
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Table 1. Baseline demographic, clinical, and echocardiographic patients’ characteristics.
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	Variable
	Overall Population (21)





	Age (mean ± SD)
	65 ± 12.5 years



	Female sex (n, %)
	3 (14.2%)



	Ischemic (n, %)
	12 (57%)



	Hypertension (n, %)
	10 (47%)



	Diabetes (n, %)
	7 (33%)



	COPD (n, %)
	6 (28 %)



	NYHA class III (n, %)
	13 (62%)



	NYHA class IV (n, %)
	8 (38%)



	ICD-DR (n, %)
	16 (71%)



	S-ICD
	2 (9%)



	CRT-D
	3 (14%)



	SBP (mean ± SD)
	108 ± 18 mmHg



	DBP (mean ± SD)
	65 ± 9 mmHg



	NT-pro BNP (mean ± SD)
	2665 ± 1298 pg/mL



	Atrial fibrillation
	7 (33%)



	LVEDV (mean ± SD)
	224.2 ± 69.8 mL



	LVESV(mean ± SD)
	154.8 ± 53.6 mL



	LVEF (mean ± SD)
	30.2 ± 6.1%



	LAVi
	47.2 ± 7.9 mL/m2



	Loop diuretic (n, %)
	14 (66%)



	Beta-Blockers (n, %)
	21 (100%)



	ARNI (n %)
	21 (100%)



	MRA (n, %)
	16 (76%)
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Table 2. Comparison of disease modifiers drugs dosage before and after CCM implants.
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	Drugs
	Baseline Dose

(Mean ± SD)
	Follow-Up Dose

(Mean ± SD)
	p-Value





	Bisoprolol
	7.8 ± 1.9 mg
	7.3 ± 2.1 mg
	0.163



	Carvedilol
	40.8 ± 9.8 mg
	43.3 ± 11.4 mg
	0.098



	Sacubitril/valsartan
	95.4 ± 58.7 mg
	103.8 ± 62.5 mg
	0.087



	Eplerenone
	22.8 ± 12.6 mg
	20.5 ± 10.2
	0.34
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Table 3. Effects of CCM on LV and RV echocardiographic variables at six months follow up.
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	Variable
	Baseline
	6 Months Follow Up
	p-Value





	LVEDV (mL)
	224.2 ± 69.8
	198.3 ± 45.7
	<0.05



	LVESV (mL)
	154.8 ± 53.6
	122.6 ± 66.3
	<0.05



	LVEF (%)
	30.2 ± 6.1
	35.4 ± 7.3
	<0.05



	TAPSE (mm)
	16.6 ± 4.2
	18.5 ± 3.6
	<0.05



	S wave (cm/s)
	10.1 ± 1.8
	11.3 ± 1.4
	<0.05



	PASP (mmHg)
	34.2 ± 9.6
	28.1 ± 6.9
	<0.05



	RVFWLS (%)
	−13.7 ± 2.5
	−15.1 ± 2.8
	<0.05



	TAPSE/PASP (mm/mmHg)
	0.52 ± 0.22
	0.66 ± 0.21
	<0.05



	RVOT PLAX (mm)
	28.2 ± 3.1
	27.1 ± 4.2
	0.062



	RVD 1
	26.8 ± 5.3
	25.7 ± 4.1
	<0.05



	RVD 2
	28.1 ± 4.3
	26.2 ± 3.2
	<0.05



	TI mild (n, %)
	16 (76%)
	18 (85%)
	NA



	TI moderate (n, %)
	3 (14%)
	2 (9%)
	NA



	TI severe (n, %)
	2 (10%)
	1 (4%)
	NA
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