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Abstract
Background: Right ventricular (RV) pacing causes left ventricular (LV) dyssynchrony 
sometimes resulting in pacing-induced cardiomyopathy. However, RV pacing for hy-
pertrophic obstructive cardiomyopathy is one of the treatment options. LV flow en-
ergy loss (EL) using vector flow mapping (VFM) is a novel hemodynamic index for 
assessing cardiac function. Our study aimed to elucidate the impact of RV pacing on 
EL in normal LV function and hypertrophic cardiomyopathy (HCM) patients.
Methods: A total of 36 patients with dual-chamber pacemakers for sick sinus syn-
drome or implantable cardioverter defibrillators for fatal ventricular tachyarrhyth-
mias were enrolled. All patients were divided into two groups: 16 patients with HCM 
(HCM group) and others (non-HCM group). The absolute changes in EL under AAI 
(without RV pacing) and DDD (with RV pacing) modes were assessed using VFM on 
color Doppler echocardiography.
Results: In the non-HCM group, the mean systolic EL significantly increased from the 
AAI to DDD modes (14.0 ± 7.7 to 17.0 ± 8.6 mW/m, P = .003), whereas the mean 
diastolic EL did not change (19.0 ± 12.3 to 17.0 ± 14.8 mW/m, P = .231). In the HCM 
group, the mean systolic EL significantly decreased from the AAI to DDD modes 
(26.7 ± 14.2 to 21.6 ± 11.9 mW/m, P < .001), whereas the mean diastolic EL did not 
change (28.7 ± 16.4 to 23.9 ± 19.7 mW/m, P = .130).
Conclusions: RV pacing increased the mean systolic EL in patients without HCM. 
Conversely, RV pacing decreased the mean systolic EL in patients with HCM.
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1  | INTRODUC TION

Pacing therapy is beneficial for brady arrhythmias.1,2 However, it 
has been reported that nonphysiologic right ventricular (RV) pacing 
could cause left ventricular (LV) systolic dysfunction, and pacing-in-
duced cardiomyopathy (PICM).3,4 Abnormal electrical and mechani-
cal asynchronous activation has been suggested as a cause of PICM, 
but has not yet been fully explained.5 However, RV pacing for hyper-
trophic obstructive cardiomyopathy (HOCM) is considered as one 
of the treatment options.6 Dyssynchrony of the LV wall motion by 
RV pacing conceptually ameliorates LV outflow obstruction, but the 
detailed mechanisms of this effect also remain unclear. Vector flow 
mapping (VFM) is a novel echocardiographic method that enables 
to visualize the intraventricular blood flow using color Doppler and 
speckle tracking data, and has proved to be an accurate tool for de-
picting and measuring in vitro generated flow structures.7,8 The flow 
dissipative energy loss (EL) is estimated by VFM. The EL is caused 
by viscous friction between the flowing blood and wall shear flow, 
which converts kinetic energy to heat. A greater EL is observed 
with more rapid changes in the blood flow velocity and direction.9,10 
Previous research demonstrated that the prevalence of diabetes 
mellitus,11 chronic kidney disease,12 valvular heart disease,13,14 and 
ischemic heart disease15 were correlated with increases in the EL. 
However, the impact of RV pacing on the EL has not been fully elu-
cidated. In this study, we investigated the effect of RV apical (RVa) 
pacing on the EL in patients without structural abnormality and 
those with hypertrophic cardiomyopathy (HCM).

2  | METHODS

2.1 | Study population

A total of 70 patients who underwent dual-chamber pacemaker (PM) 
or implantable cardioverter defibrillator (ICD) implantation were in-
vestigated. Fifty-four consecutive patients without HCM and three 
patients with HCM who underwent echocardiography with VFM 
during hospitalization for a device implantation from May 2017 to 
April 2019 were enrolled, and to focus on the HCM patients, 13 con-
secutive ambulant patients with HCM in whom devices had been 
previously implanted were also enrolled in the study. These patients 
underwent echocardiography with VFM at an outpatient clinic. To 
reveal the effect of nonphysiological RVa pacing, patients with a pre-
served intrinsic atrioventricular (AV) conduction and left ventricular 
ejection fraction (LVEF) were assigned. Consequently, 34 patients 
were excluded for the following reasons: 1) four patients had a re-
duced LV systolic function (LVEF ≤ 50%), 2) 25 patients lacked a pre-
served intrinsic atrioventricular conduction as a result of advanced 
or complete AV block, 3) two patients were diagnosed with other 
cardiomyopathies, 4) one patient lacked data, and 5) two patients 
had poor echocardiographic images. A total of 36 patients were ulti-
mately enrolled in this study (Figure 1). All of the ventricular pacing 
leads were placed at the RV apex. To unify the heart rate's effect, 

the atrial pacing rate was programmed to 90 beats per minute in all 
of the patients during the echocardiographic evaluation. The HCM 
group was defined as patients with HCM. The HCM diagnosis was 
based on the reported definitions,16,17 that is, segmental left ven-
tricular hypertrophy (thickness ≥ 15 mm) measured by any imaging 
technique (echocardiography, computed tomography, or cardiac 
resonance imaging) without other causes of wall thickening. An LV 
outflow tract (LVOT) obstruction was defined as a peak instanta-
neous Doppler LVOT gradient ≥30 mmHg.17 The patients without 
HCM were classified as the non-HCM group in this study. In the non-
HCM group, 17 patients were implanted with dual-chamber PMs for 
sick sinus syndrome (SSS), and three were implanted with ICDs for 
ventricular fibrillation (VF). In the HCM group, three patients were 
implanted with dual-chamber PMs for SSS, one was implanted with a 
dual-chamber PM for intermittent AV block, and 12 were implanted 
with ICDs for ventricular tachycardia or VF. This study was re-
viewed and approved by the institutional review boards of Kitasato 
University Hospital.

2.2 | Echocardiographic evaluation

Echocardiographic examinations were conducted in the left lateral 
supine position using standard sequences on an ALOKA LISENDO 
880 device (Hitachi Aloka Medical Ltd., Tokyo, Japan). The LV end-
diastolic dimensions, LV end-systolic dimensions, and left atrial di-
mensions were measured in the M or B modes in the parasternal 
long- and short-axis views. The LVEF was measured by the modified 
Simpson's method on images in the apical 4-chamber views. Using 
pulsed-wave Doppler echocardiography, the early diastole (E wave) 
and atrial contraction (A wave) phases of the LV filling were evalu-
ated. To evaluate the early diastolic velocity at the mitral annulus 

F I G U R E  1   Study protocol. PM, pacemaker; ICD, implantable 
cardioverter defibrillator; HCM, hypertrophic cardiomyopathy; 
LVEF, left ventricular ejection fraction; AV block, atrioventricular 
block
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(e’) and E/e’ ratio, the pulsed-wave tissue Doppler velocities were 
measured at the septal mitral annulus in the 4-chamber view. Color 
Doppler data for the VFM analysis were obtained in the apical 
3-chamber view with and without RVa pacing. The image width and 
depth were adjusted to display the entire LV inflow tract, LV cavity, 
LV outflow, and mitral and aortic valves. The spatiotemporal set-
tings were optimized to achieve the highest possible frame rate. A 
Doppler velocity range of −66 to 66 cm/s was selected for this study. 
Three consecutive heartbeats were stored digitally on a built-in hard 
disk, and analyzed using VFM analysis software (DAS-RS1, Hitachi 
Aloka Medical Ltd., Tokyo, Japan).5

2.3 | Flow visualization and EL analysis

To evaluate the effect of RVa pacing on the EL, a single-chamber 
atrial pacing (AAI) mode preset to 90 beats per minute for atrial pac-
ing and a dual-chamber pacing (DDD) mode with the same preset 
atrial pacing rate were used. In the DDD mode, the AV delay was 
set to a range of 120 to 150 msec throughout the RV pacing. The LV 
intracardiac flow was recorded in the apical 3-chamber view by color 
Doppler imaging. The left ventricular endocardial border was man-
ually traced to identify the velocity of the wall motion by speckle 
tracking. The pulse frequency of the color Doppler image was set to 
avoid aliasing. If aliasing was observed, the aliased area was manu-
ally corrected. The intraventricular flow velocity vectors were deter-
mined from the wall velocities and color Doppler velocity data. The 
velocity vector of the LV intracavitary blood flow was computed by 
the software based on a system developed by Itatani et al18 Based on 
the VFM images, the intraventricular EL, vortex area, and circulation 
were calculated.13,19 The definitions of the vortex area and circu-
lation were based on previous reports,20-22 that is, the vortex area 
was defined as the largest area of the physiological vortex measured 
during each cardiac cycle, and the circulation was calculated as the 
integral of the vorticity over an area. The circulation represented the 
quantity of flow swirling inside the vortex in the observed plane.21 
When the presence of a vortex was detected, the vortex area and 
the circulation were automatically calculated by the software. The 
intracardiac EL was calculated as the average of one cardiac cycle 
(ELcycle), and we also separately evaluated the systolic EL (ELsys) 
and diastolic EL (ELdia). All of the data were analyzed in both the AAI 
and DDD modes. Three consecutive cycles were captured in one re-
cording. Each parameter was defined as the mean of three consecu-
tive cardiac cycles. One cardiac cycle image was selected for analysis 
between two consecutive electrocardiogram QRS complexes. The 
cardiac phase was determined by the combination of the echocardi-
ography valve openings. If the valve opening image quality was in-
sufficient to assess, the timing of the ECG parameters was auxiliary 
utilized. The isovolumetric contraction (IVC) period was defined as 
the mitral valve closure to aortic valve opening, and the isovolumic 
relaxation period was defined as the aortic valve closure to mitral 
valve opening. Systole was distinguished from diastole by the first 
frame just after the closure of the aortic valve.

2.4 | Statistical analysis

Continuous variables are described as the mean ± standard deviation. 
Categorical variables are reported as counts with percentages (%). The 
Wilcoxon signed-rank test was used when comparing the data between 
the AAI and DDD modes, and the Pearson's chi-squared test or the 
Mann-Whitney U-test was used in the comparison between the non-
HCM and HCM groups. In all of the analyses, p values of <0.05 were de-
fined as statistically significant. All statistical analyses were performed 
with JMP software version 13.2 (SAS Institute, Cary, NC, USA).

3  | RESULTS

3.1 | Baseline characteristics

The two groups baseline characteristics are shown in Table 1. The 
HCM group included two cases of apical hypertrophy (apical hyper-
trophy alone), 11 cases of septal hypertrophy (septal hypertrophy 
alone or septal hypertrophy with hypertrophy of the adjacent seg-
ments), and three cases of diffuse hypertrophy. Four patients in the 
group were diagnosed with HOCM. In three of those patients, the 
LVOT pressure gradient was ameliorated by appropriate medical 
treatment, whereas one patient still had a significant LVOT pressure 
gradient. There were no significant differences in the baseline char-
acteristics between the two groups except for the age at time of 
the device implantation (Table 1). The laboratory data and electro-
cardiographic and echocardiographic findings are shown in Table 2. 
The HCM group had significantly longer intraventricular septum di-
mensions (17.1 ± 3.8 vs 10.6 ± 1.6 mm, P < .001), longer posterior 
wall dimensions (12.6 ± 3.5 vs 10.2 ± 1.5 mm, P = .031), and larger 
E/e’ (16.0 ± 7.3 vs 10.9 ± 3.6, P = .020) than the non-HCM group. 

TA B L E  1   Baseline patient characteristics of patients with non-
HCM group and HCM group

non-HCM
(n = 20)

HCM
(n = 16)

P 
value

Age at implantation, y 77.0 ± 7.8 66.4 ± 14.7 .043

Male, n (%) 8 (40) 9 (56) .503

Height, cm 155.6 ± 7.5 160.7 ± 9.2 .074

Weight, kg 54.7 ± 10.9 58.4 ± 12.1 .381

Systolic BP, mmHg 119.7 ± 15.5 120.5 ± 17.9 .811

Diastolic BP, mmHg 69.6 ± 13.1 72.4 ± 13.8 .799

Hypertension, n (%) 14 (70) 6 (38) .091

Hyperlipidemia, n (%) 12 (60) 7 (44) .503

Diabetes mellitus, n (%) 9 (45) 2 (13) .067

Ischemic heart disease, n (%) 6 (30) 2 (13) .257

Chronic kidney disease, n (%) 4 (20) 7 (44) .159

Smoking, n (%) 8 (40) 7 (44) 1.000

Note: Values are mean ± SD or n (%).
Abbreviations: BP, blood pressure; HCM, hypertrophic cardiomyopathy.
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Likewise, the QRS duration before the device implantation was 
longer in the HCM group than in the non-HCM group (121.6 ± 25.8 
vs 101.3 ± 18.0 msec, P = .015). The QRS duration after the device 
implantation was comparable between the two groups (178.0 ± 29.9 
vs 159.8 ± 23.5 msec, P = .301). There were no significant differ-
ences in the other parameters.

3.2 | Absolute change in the LV blood flow and EL 
by RVa pacing

Figure 2 shows representative images of the absolute changes in 
the LV blood flow (panel A) and EL (panel B) by a change from the 
AAI to DDD modes, that is, that with and without RVa pacing. In 
the non-HCM group (panel A-a and A-c), RVa pacing reduced the 
vortex area and circulation during the IVC period. Conversely, in the 
HCM group (panel A-b and A-d), RVa pacing enlarged the vortex area 
and strengthened the circulation during the IVC period, suggesting 
that RVa pacing improved the flow dynamics in the HCM group. RVa 
pacing increased the ELsys in the non-HCM group (10.7 mW/m in 

AAA to 15.8 mW/m in DDD, panel B-a), but decreased it in the HCM 
group (14.7 mW/m to 12.5 mW/m, panel B-b). The results of the EL 
analyses are shown in Table 3. During the AAI mode (without RVa 
pacing), the ELcycle and ELsys were significantly lower in the non-
HCM group than in the HCM group, whereas the ELdia was compa-
rable between the two groups. The percent change in the ELcycle 
and ELsys from the AAI to DDD modes was significantly higher in 
the non-HCM group than in the HCM group. The changes in the EL 
by RVa pacing in both groups are shown in Figure 3. In the non-HCM 
group (upper panels), the ELsys significantly increased from the AAI 
to DDD modes (14.0 ± 7.7 to 17.0 ± 8.6 mW/m, P = .003). In the 
HCM group (lower panels), the ELsys significantly decreased from 
the AAI to DDD modes (26.7 ± 14.2 to 21.6 ± 11.9 mW/m, P = .009). 
Although the HCM group included various types of HCM, the EL data 
changes from the AAI to DDD modes in each case showed similar 
trends. In both groups, the ELdia did not significantly change from 
the AAI to DDD modes. The LV vortex flow analyses in both groups 
are shown in Table 4. In the non-HCM group, the vortex area during 
the IVC period had a tendency to be smaller when changing from the 
AAI to DDD modes (452.7 ± 229.1 to 387.5 ± 201.8 mm2, P = .30). 

non-HCM
(n = 20)

HCM
(n = 16) P value

Laboratory data

HbA1c, % 6.11 ± 0.65 5.94 ± 0.80 .321

eGFR, mL/min/1.73m2 53.9 ± 21.0 53.3 ± 18.5 .524

Cr, mg/dL 1.16 ± 0.98 1.05 ± 0.30 .108

BNP, pg/mL 202.8 ± 250.3 364.4 ± 239.8 .033

Electrocardiography

QRS duration (AAI), msec 101.3 ± 18.0 121.6 ± 25.8 .015

QRS duration (DDD), msec 159.8 ± 23.5 178.0 ± 29.9 .301

Echocardiography

LVDd (AAI), mm 44.6 ± 5.5 46.3 ± 7.4 .394

LVDs (AAI), mm 26.2 ± 4.7 26.5 ± 5.7 .907

LVDd (DDD), mm 43.6 ± 4.8 43.9 ± 7.6 .962

LVDs (DDD), mm 26.9 ± 3.8 26.6 ± 6.6 .632

LAD, mm 36.0 ± 6.4 40.0 ± 5.8 .062

IVS, mm 10.5 ± 1.6 17.1 ± 3.8 <.0001

PW, mm 10.2 ± 1.6 12.6 ± 3.5 .031

LVEF (AAI), % 67.0 ± 8.3 61.4 ± 9.1 .046

LVEF (DDD), % 62.1 ± 6.4 59.8 ± 6.8 .332

LVOT-VTI (AAI), cm 18.1 ± 5.8 19.3 ± 3.2 .616

LVOT-VTI (DDD), cm 18.3 ± 3.7 19.3 ± 3.8 .523

E, cm/sec 55.1 ± 21.6 70.0 ± 26.3 .083

A, cm/sec 73.6 ± 18.7 76.9 ± 46.1 .762

E/e’ 10.9 ± 3.6 16.0 ± 7.3 .020

Note: Values are mean ± SD or n (%).
Abbreviations: BNP, brain natriuretic peptide; eGFR, estimated glomerular filtration rate; HCM, 
hypertrophic cardiomyopathy; IVS, intraventricular septum; LAD, left atrial dimension; LVDd, left 
ventricular end-diastolic dimension; LVDs, left ventricular end-systolic dimension; LVEF, left ventricular 
ejection fraction; LVOT-VTI, left ventricular outflow tract velocity time integral; PW, posterior wall.

TA B L E  2   Laboratory data, 
electrocardiography and 
echocardiography findings
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Conversely, in the HCM group, the vortex area during the IVC period 
was significantly larger when changing from the AAI to DDD modes 
(270.4 ± 161.0 to 450.7 ± 151.4 mm2, P = .016). The percent changes 
in the vortex area and circulation caused by the RVa pacing are shown 
in Figure 4. They significantly increased by RVa pacing in the HCM 
group as compared to that in the non-HCM group (116.7 ± 164.3 vs 
−15.3 ± 29.2%, P < .001; 133.4 ± 192.9 vs −11.5 ± 40.8%, P < .001).

4  | DISCUSSION

The main findings of this study were as follows: during RVa pacing, 1) 
the ELsys significantly increased in the non-HCM group, and 2) the 

ELcycle and ELsys significantly decreased in the HCM group. In the 
detailed evaluation, the vortex area and circulation detected by VFM 
decreased in the non-HCM group, but increased in the HCM group.

4.1 | Changes in the EL by RVa pacing

In the VFM analysis in the non-HCM group, energetically efficient 
vortices formed in the left ventricle. Those vortices facilitate the in-
flow into the ventricle, minimize the dissipation of energy, preserve 
the momentum, and redirect the flow toward the LV outflow.9,23 
In diastole, clockwise and counterclockwise vortices form around 
the mitral valve. Counterclockwise vortices quickly disappear, and 

F I G U R E  2   Representative images of the vortex during the IVC period and changes in the EL by RVa pacing in the non-HCM and HCM 
groups. Representative changes in the vortex during the IVC period (panel A) and EL (panel B) by RVa pacing in the non-HCM and HCM 
groups. The dotted lines show the ELcycle during the AAI mode, and the solid lines show that in the DDD mode (panel B). In the non-HCM 
group, RVa pacing reduced the vortex area and circulation during the IVC period (panels A-a and c), and increased the ELsys (panel B-a). 
Conversely, in the HCM group, RV pacing enlarged the vortex area and circulation during the IVC period (panels A-b and d), and decreased 
the ELsys (panel B-b). IVC, isovolumetric contraction; EL, energy loss; ELcycle, EL over one cardiac cycle; ELsys, systolic EL; ELdia, diastolic 
EL; RVa pacing, right ventricular apical pacing; HCM, hypertrophic cardiomyopathy; AAI, single-chamber pacing; DDD, dual-chamber pacing; 
RVa pacing, right ventricular apical pacing
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P 
value

ELcycle with AAI mode, mW/m 16.7 ± 9.2 28.4 ± 12.6 .007

ELcycle with DDD mode, mW/m 17.7 ± 10.9 23.2 ± 13.2 .214

ELsys with AAI mode, mW/m 14.0 ± 7.7 26.7 ± 14.2 .005

ELsys with DDD mode, mW/m 17.0 ± 8.6 21.6 ± 11.9 .445

ELdia with AAI mode, mW/m 19.0 ± 12.3 28.7 ± 16.4 .111

ELdia with DDD mode, mW/m 17.0 ± 14.8 23.9 ± 19.7 .192

%change of ELcycle by pacing, % 3.6 ± 20.3 -20.1 ± 18.3 .005
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mode.
Abbreviations: EL, energy loss; ELcycle, EL over one cardiac cycle; ELdia, diastolic EL; ELsys, 
systolic EL; HCM, hypertrophic cardiomyopathy.
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clockwise vortices remain until the IVC period. In systole, a large vor-
tex at the base portion during the IVC period promotes an efficient 
ejection. An intraventricular EL is caused by viscous friction produced 
by the disturbance of the vector and velocity of the blood flow. Li 
et al reported that the intraventricular EL was a sensitive indicator of 
preclinical LV dysfunction in patients with an early stage of diabetic 
cardiomyopathy with diastolic dysfunction.11 Previous studies dem-
onstrated that the physiological vortex patterns changed, followed by 
an increase in the EL in patients with valvular heart disease13,14 and 
ischemic heart disease.15 Thus, it is assumed that evaluations of the 
changes in the vortices and EL using VFM are useful for predicting LV 
dysfunction. However, the impact of RVa pacing on the physiological 

vortices and EL remains unclear. In this study, we focused on RVa 
pacing in HCM and non-HCM patients and demonstrated that RVa 
pacing significantly increased the ELsys in the non-HCM group and 
conversely decreased the ELcycle and ELsys in the HCM group.

4.2 | Mechanisms of the EL increase by RVa pacing 
in the non-HCM group

The cause of adverse effects by nonphysiologic RVa pacing on the 
LV systolic function has not been fully elucidated. Several stud-
ies of the effects of RVa pacing have been reported. Ventricular 

F I G U R E  3   Changes in the EL by RVa pacing in the non-HCM and HCM groups. In the non-HCM group, the ELsys significantly increased 
from the AAI to DDD modes. The ELcycle and ELdia did not change from the AAI to DDD modes (upper panels). In the HCM group, the 
ELcycle and ELsys significantly decreased from the AAI to DDD modes. The ELdia did not change from the AAI to DDD modes (lower 
panels). EL, energy loss; ELcycle, EL over one cardiac cycle; ELsys, systolic EL; ELdia, diastolic EL; RVa pacing, right ventricular apical pacing; 
HCM, hypertrophic cardiomyopathy; AAI, single-chamber atrial pacing; DDD, dual-chamber pacing
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dyssynchrony by RVa pacing results in asymmetric hypertrophy 
and a redistribution of the cardiac mass,24 mitral regurgitation,25,26 
increased left atrial diameter,27 and reduced ejection fraction.28-30 
Changes in the cardiac metabolism, coronary perfusion, LV remod-
eling, and impaired hemodynamics by RVa pacing have also been 
reported.1 In this study, RVa pacing significantly prolonged the QRS 
duration in the non-HCM group (101.3 ± 18.0 to 159.8 ± 23.5 msec, 
P < .0001). In this study, nonphysiological ventricular conduction 
patterns and desynchronized LV contractions by the RVa pacing in-
creased the ELsys in the non-HCM group, which might be associ-
ated with future LV dysfunction represented as PICM.

4.3 | Mechanisms of the EL reduction by RVa pacing 
in the HCM group

The reduction in the vortex during the IVC period is thought to 
be one of the mechanisms of an increased ELsys in patients with 
HCM.31-33 In patients with a normal systolic function, a large vor-
tex during the IVC period contributes to an efficient blood flow 
and minimizes dissipative EL. HCM is characterized by myocardial 
disarray, fibrosis, and LV diastolic dysfunction.16,17 Several re-
cent studies have shown that a lower flow velocity is observed 
at the end of a rapid filling in HCM patients as compared to nor-
mal hearts because the inflow is limited during early diastole as 

a result of diastolic dysfunction.31-33 At the end of a rapid filling, 
lower blood flow does not contribute to the formation of a large 
vortex during the IVC period in patients with HCM. Therefore, 
more energy is dissipated to achieve an efficient ejection, which 
results in an increased ELsys in patients with HCM.31 It was also 
reported that the vortex area during the IVC period was signifi-
cantly smaller in patients with HCM than in those with normal 
hearts.31 Similar tendencies were observed in this study. RVa pac-
ing enlarged and normalized the vortex during the IVC period in 
the HCM group (Figure 2), suggesting that RVa pacing improved 
the LV flow patterns and reduced the EL. Historically, RVa pacing 
has played an important role in the reduction of an LVOT obstruc-
tion.34 A reduced contraction of the LV, paradoxical septal motion 
with a delayed septal thickening, limitation of an abnormal mitral 
valve motion, interaction with LV filling, and ventricular remod-
eling are considered the mechanisms of the reduction in the LVOT 
obstruction by RVa pacing.6,35 From the results of this study, not 
only the aforementioned mechanisms, but a normalized flow vor-
tex and reduced EL by RVa pacing were an additional mechanism 
of improving the hemodynamics in patients with HOCM.

Several studies have shown that RVa pacing does not change or rather 
exacerbates the diastolic function.36-38 Therefore, the reason why the 
vortex was improved by RVa pacing in the HCM group was not thought to 
be an improvement in the diastolic function. Pak et al reported that RVa 
pacing increased the end-systolic volume and reduced the apical cavity 

TA B L E  4   LV vortex flow analysis in the non-HCM group and the HCM group

AAI DDD P value

In non-HCM group

VORTEX area in IVC period, mm2 452.7 ± 229.1 387.5 ± 201.8 .300

Circulation, in IVC period, m2/sec 14.0 × 10−3 ± 9.5 × 10−3 12.9 × 10−3 ± 9.4 × 10−3 .651

In HCM group

Vortex area in IVC period, mm2 270.4 ± 161.0 450.7 ± 151.4 .016

Circulation, in IVC period, m2/sec 11.2 × 10−3 ± 6.9 × 10−3 19.5 × 10−3 ± 7.2 × 10−3 .006

Note: Values are mean ± SD.
Abbreviations: AAI, single-chamber atrial pacing; DDD, dual-chamber pacing; HCM, hypertrophic cardiomyopathy; IVC, isovolumetric contraction.

F I G U R E  4   Percent change in the 
vortex area and circulation by RVa pacing 
in the IVC period between the non-HCM 
and HCM groups. The percent changes in 
the vortex area (panel A) and circulation 
(panel B) by RVa pacing between the non-
HCM and HCM groups. Compared with 
the non-HCM group, the HCM group had 
a significantly increased percent change in 
the vortex area and circulation during the 
IVC period. RVa pacing, right ventricular 
apical pacing; IVC, isovolumetric 
contraction; HCM, hypertrophic 
cardiomyopathy -15.3 ± 29.2
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compression in patients with HCM and hypertensive heart disease.36 In 
such patients, an increased end-systolic volume may preserve the cardiac 
cavity during diastole, creating large vortices. Therefore, a possible mech-
anism would be an enlargement of the vortex during the IVC period by an 
increased end-systolic volume. However, the left ventricular end-systolic 
dimension, left ventricular end-diastolic dimension, and LVEF between 
the AAI and DDD modes were not significantly different in this study. 
That might be because the number of patients was small, but it was not 
thought to be the main mechanism of those findings.

As a fact, the formation of the vortex was basically impaired in 
the HCM group, and the RVa pacing normalized the vortex, which de-
creased the ELsys and improved the flow dynamics in the HCM group, 
despite the EL having had increased in the non-HCM group in this 
study. Somehow there could be other factors that improve the EL by 
RVa pacing. To best of our knowledge, there have been no reports that 
have clarified this mechanism, so these might be novel findings.

5  | LIMITATIONS

This study had several limitations. First, this was a small-sized study 
conducted at a single center. All the non-HCM patients were inpatients 
with new device implantation. On the other hands, most of the HCM 
patients were outpatients, posing a selection bias, however, echocar-
diography was performed under stable condition even in the inpa-
tients. Further, all patients in the HCM group had a preserved intrinsic 
AV conduction; however, low frequent RV pacing was observed (the 
RV pacing rate was 17.6 ± 26.7%) with a duration of 2262 ± 1448 days 
from the device implantation to the echocardiography. These factors 
might have affected the results. Second, the VFM was based on the 
two-dimensional continuity equation on the color Doppler image, and 
a highly distorted three-dimensional (3D) flow was not suitable for 
the VFM analysis, although a 3D evaluation may have allowed us to 
evaluate more precise information. Magnetic resonance imaging was 
applicable for the 3D evaluation, but it was restricted in the patients 
with device implantation. Third, the Nyquist limit may have affected 
the results of the flow analyses. Highly aliased color flow mapping may 
not have been corrected by VFM, although the aliasing flow was man-
ually corrected. Only the early effects were evaluated in this study; 
therefore, the effect of the EL by RVa pacing on the long-term clinical 
events such as heart failure, LV dysfunction, and arrhythmic events 
was not evaluated. Further the clinical significance of the decrease in 
the EL with RVa pacing in hypertrophic nonobstructive cardiomyopa-
thy (HNOCM) is unclear as of yet; therefore, future investigations with 
longer-term follow-ups are needed to confirm the prognostic value of 
the EL decrease with RVa pacing in HNOCM.

6  | CONCLUSIONS

In the vector flow mapping analysis, right ventricular apical pac-
ing increased the mean systolic energy loss in patients without 
hypertrophic cardiomyopathy. Conversely, right ventricular pacing 

decreased the mean systolic energy loss and mean energy loss in 
one cardiac cycle in hypertrophic cardiomyopathy. The vector flow 
mapping analysis elucidated the impact of right ventricular apical 
pacing in the patients with hypertrophic cardiomyopathy.

ACKNOWLEDG EMENTS
None.

CONFLIC TS OF INTERE S T
The authors declares that there are no conflicts of interest related 
to this study.

ORCID
Yuki Arakawa  https://orcid.org/0000-0003-4098-7682 
Hidehira Fukaya  https://orcid.org/0000-0002-7588-554X 
Ryo Nishinarita  https://orcid.org/0000-0003-0329-5476 
Shinichi Niwano  https://orcid.org/0000-0002-0702-0800 

R E FE R E N C E S
 1. Tops LF, Schalij MJ, Bax JJ. The effects of right ventricular apical 

pacing on ventricular function and dyssynchrony. Implications for 
therapy. J Am Coll Cardiol. 2009;54:764–76.

 2. Brignole M, Auricchio A, Baron-Esquivias G, Bordachar P, Boriani 
G, Bordachar P, et al. 2013 ESC guidelines on cardiac pacing and 
cardiac resynchronization therapy: The task force on cardiac pac-
ing and resynchronization therapy of the European Society of 
Cardiology (ESC). Europace. 2013;15:1070–118.

 3. Dreger H, Maethner K, Bondke H, Baumann G, Melzer C. Pacing-
induced cardiomyopathy in patients with right ventricular stimula-
tion for >15 years. Europace. 2012;14:238–42.

 4. Kiehl EL, Makki T, Kumar R, Gumber D, Kwon DH, Rickard JW, 
et al. Incidence and predictors of right ventricular pacing-induced 
cardiomyopathy in patients with complete atrioventricular block 
and preserved left ventricular systolic function. Heart Rhythm. 
2016;13:2272–8.

 5. O’Keefe JH, Abuissa H, Jones PG, Thompson RC, Bateman TM, 
McGhie AI, et al. Effect of chronic right ventricular apical pacing on 
left ventricular function. Am J Cardiol. 2005;95:771–3.

 6. Daubert C, Gadler F, Mabo P, Linde C. Pacing for hypertrophic 
obstructive cardiomyopathy: an update and future directions. 
Europace. 2018;20:908–20.

 7. Muñoz DR, Markl M, Mur JLM, Barker A, Fernández-Golfín C, 
Lancellotti P, et al. Intracardiac flow visualization: current sta-
tus and future directions. Eur Heart J Cardiovasc Imaging. 
2013;14:1029–38.

 8. Uejima T, Koike A, Sawada H, Aizawa T, Ohtsuki S, Tanaka M, 
et al. A new echocardiographic method for identifying vortex flow 
in the left ventricle: numerical validation. Ultrasound Med Biol. 
2010;36:772–88.

 9. Xu L, Sun C, Zhu X, Liu W, Ta S, Zhao D, et al. Characterization of 
left ventricle energy loss in healthy adults using vector flow map-
ping: preliminary results. Echocardiography. 2017;34:700–8.

 10. Hayashi T, Itatani K, Inuzuka R, Shimizu N, Shindo T, Hirata Y, et al. 
Dissipative energy loss within the left ventricle detected by vec-
tor flow mapping in children: normal values and effects of age and 
heart rate. J Cardiol. 2015;66:403–10.

 11. Li C-M, Bai W-J, Liu Y-T, Tang H, Rao LI. Dissipative energy loss 
within the left ventricle detected by vector flow mapping in diabetic 
patients with controlled and uncontrolled blood glucose levels. Int J 
Cardiovasc Imaging. 2017;33:1151–8.

https://orcid.org/0000-0003-4098-7682
https://orcid.org/0000-0003-4098-7682
https://orcid.org/0000-0002-7588-554X
https://orcid.org/0000-0002-7588-554X
https://orcid.org/0000-0003-0329-5476
https://orcid.org/0000-0003-0329-5476
https://orcid.org/0000-0002-0702-0800
https://orcid.org/0000-0002-0702-0800


     |  211ARAKAWA et Al.

 12. Zhong Y, Liu Y, Wu T, Song H, Chen Z, Zhu W, et al. Assessment of left 
ventricular dissipative energy loss by vector flow mapping in patients 
with end-stage renal disease. J Ultrasound Med. 2016;35:965–73.

 13. Stugaard M, Koriyama H, Katsuki K, Masuda K, Asanuma T, Takeda 
Y, et al. Energy loss in the left ventricle obtained by vector flow 
mapping as a new quantitative measure of severity of aortic regur-
gitation: a combined experimental and clinical study. Eur Heart J 
Cardiovasc Imaging. 2015;16:723–30.

 14. Faludi R, Szulik M, D'hooge J, Herijgers P, Rademakers F, Pedrizzetti 
G, et al. Left ventricular flow patterns in healthy subjects and pa-
tients with prosthetic mitral valves: an in vivo study using echo-
cardiographic particle image velocimetry. J Thorac Cardiovasc Surg. 
2010;139:1501–10.

 15. Agati L, Cimino S, Tonti G, Cicogna F, Petronilli V, De Luca L, et al. 
Quantitative analysis of intraventricular blood flow dynamics by 
echocardiographic particle image velocimetry in patients with 
acute myocardial infarction at different stages of left ventricular 
dysfunction. Eur Heart J Cardiovasc Imaging. 2014;15:1203–12.

 16. Gersh BJ, Maron BJ, Bonow RO, Dearani JA, Fifer MA, Link MS, 
et al. 2011 ACCF/AHA guideline for the diagnosis and treatment 
of hypertrophic cardiomyopathy: a report of the American College 
of Cardiology Foundation/American Heart Association Task 
Force on Practice Guidelines Developed in Collaboration with the 
American Association for Thoracic Surgery, American Society of 
Echocardiography, American Society of Nuclear Cardiology, Heart 
Failure Society of America. J Am Coll Cardiol. 2011;58:e212–e260.

 17. Zamorano JL, Anastasakis A, Borger MA, Borggrefe M, Cecchi F, 
Charron P, et al. 2014 ESC guidelines on diagnosis and management 
of hypertrophic cardiomyopathy: the task force for the diagnosis 
and management of hypertrophic cardiomyopathy of the European 
Society of Cardiology (ESC). Eur Heart J. 2014;35:2733–79.

 18. Itatani K, Okada T, Uejima T, Tanaka T, Ono M, Takenaka K. 
Intraventricular flow velocity vector visualization based on the 
continuity equation and measurements of vorticity and wall shear 
stress. Jpn J Appl Phys. 2013;52(7S):07HF16.

 19. Itatani K. When the blood flow becomes bright. Eur Heart J. 
2014;35:747–52.

 20. Zhou BY, Xie MX, Wang J, Wang XF, Lv Q, Liu MW, et al. Relationship 
between the abnormal diastolic vortex structure and impaired 
left ventricle filling in patients with hyperthyroidism. Medicine. 
2017;96:1–7.

 21. Rodriguez Munoz D, Moya Mur JL, Fernandez-Golfin C, Becker 
Filho DC, Gonzalez Gomez A, Fernandez Santos S, et al. Left ven-
tricular vortices as observed by vector flow mapping: main determi-
nants and their relation to left ventricular filling. Echocardiography. 
2015;32:96–105.

 22. Zhu X, Xu L, Zuo L, Wang J, Wang B, Hu R, et al. Quantitative 
analysis of left ventricular flow dynamics in latent obstructive hy-
pertrophic cardiomyopathy using vector flow mapping. Cardiol. 
2020;145(4):227–35.

 23. Akiyama K, Maeda S, Matsuyama T, Kainuma A, Ishii M, Naito Y, 
et al. Vector flow mapping analysis of left ventricular energetic 
performance in healthy adult volunteers. BMC Cardiovasc Disord. 
2017;17:21.

 24. Sweeney MO, Hellkamp AS. Heart failure during cardiac pacing. 
Circulation. 2006;113:2082–8.

 25. Kanzaki H, Bazaz R, Schwartzman D, Dohi K, Sade LE, Gorcsan J. 
A mechanism for immediate reduction in mitral regurgitation after 

cardiac resynchronization therapy: Insights from mechanical acti-
vation strain mapping. J Am Coll Cardiol. 2004;44:1619–25.

 26. Cannan CR, Higano ST, Holmes DR. Pacemaker induced mitral 
regurgitation: an alternative form of pacemaker syndrome. PACE. 
1997;20:735–8.

 27. Nielsen JC, Kristensen L, Andersen HR, Mortensen PT, Pedersen 
OL, Pedersen AK. A randomized comparison of atrial and du-
al-chamber pacing in 177 consecutive patients with sick sinus syn-
drome: echocardiographic and clinical outcome. J Am Coll Cardiol. 
2003;42:614–23.

 28. Nahlawi M, Waligora M, Spies SM, Bonow RO, Kadish AH, 
Goldberger JJ. Left ventricular function during and after right ven-
tricular pacing. J Am Coll Cardiol. 2004;44:1883–8.

 29. Abdelrahman M, Subzposh FA, Beer D, Durr B, Naperkowski A, Sun 
H, et al. Clinical outcomes of his bundle pacing compared to right 
ventricular pacing. J Am Coll Cardiol. 2018;71:2319–30.

 30. Khurshid S, Epstein AE, Verdino RJ, Lin D, Goldberg LR, Marchlinski 
FE, et al. Incidence and predictors of right ventricular pacing-in-
duced cardiomyopathy. Heart Rhythm. 2014;11:1619–25.

 31. Ji L, Hu W, Yong Y, Wu H, Zhou L, Xu D. Left ventricular energy 
loss and wall shear stress assessed by vector flow mapping in pa-
tients with hypertrophic cardiomyopathy. Int J Cardiovasc Imaging. 
2018;34:1383–91.

 32. Ro R, Halpern D, Sahn DJ, Homel P, Arabadjian M, Lopresto C, et al. 
Vector flow mapping in obstructive hypertrophic cardiomyopathy 
to assess the relationship of early systolic left ventricular flow and 
the mitral valve. J Am Coll Cardiol. 2014;64:1984–95.

 33. Cao Y, Sun X, Zhong M, Li L, Zhang M, Lin M, et al. Evaluation of 
hemodynamics in patients with hypertrophic cardiomyopathy by 
vector flow mapping: comparison with healthy subjects. Exp Ther 
Med. 2019;4379–88.

 34. Tolosana JM, Trucco E. Cardiac pacing in patients with hyper-
trophic obstructive cardiomyopathy. Glob Cardiol Sci Pract. 
2018;29:https://doi.org/10.21542/ gcsp.2018.29.

 35. Ertrophic HY, Nishimura RA, Holmes DR, Ilstrup M, Tajik AJ. 
Effect of dual-chamber pacing on systolic and diastolic function 
in patients with hypertrophic cardiomyopathy. J Am Coll Cardiol. 
1996;27:421–30.

 36. Pak PH, Maughan WL, Baughman KL, Kieval RS, Kass DA. 
Mechanism of acute mechanical benefit from VDD pacing in hyper-
trophied heart. Circulation. 1998;98:242–8.

 37. Betocchi S, Elliott PM, Briguori C, Virdee M, Losi MA, Matsumura 
Y, et al. Dual chamber pacing in hypertrophic cardiomyopathy: 
long-term effects on diastolic function. Pacing Clin Electrophysiol. 
2002;25:1433–40.

 38. Jurado Román A, Montero Cabezas JM, Rubio Alonso B, García 
Tejada J, Hernández F, Albarrán González-Trevilla A, et al. Sequential 
atrioventricular pacing in patients with hypertrophic cardiomyopa-
thy: an 18-year experience. Rev Esp Cardiol. 2016;69:377–83.

How to cite this article: Arakawa Y, Fukaya H, Kakizaki R, et 
al. Energy loss by right ventricular pacing: Patients with 
versus without hypertrophic cardiomyopathy. J Arrhythmia. 
2021;37:203–211. https://doi.org/10.1002/joa3.12472

https://doi.org/10.21542/gcsp.2018.29
https://doi.org/10.1002/joa3.12472

