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Abstract
Some patients with pacemakers present with first-degree atrioventricular (AV) block. To avoid right ventricular (RV) pacing, preserving 
intrinsic AV conduction as much as possible is recommended. However, there is no clear cutoff AV interval to determine whether intrinsic 
AV conduction should be preserved or RV pacing should be delivered. This study aimed to compare a pacing mode-preserving, intrinsic 
AV conduction with the DDD mode delivering RV pacing in terms of echocardiographic parameters in patients with first-degree AV block 
and to investigate whether RV pacing induces heart failure (HF). Stroke volume (SV) was measured to determine the optimal AV delay 
with the intrinsic AV conduction rhythm and the DDD pacing delivering RV pacing. Echocardiographic evaluation was performed for 
6-month follow-up period. Seventeen patients were studied. At baseline, mean intrinsic PQ interval was 250 ± 40 ms. SV was greater with 
RV pacing with optimal AV delay of 160 ms than with intrinsic AV conduction rhythm in all patients. Therefore, pacemakers were set to 
the DDD to deliver RV pacing. During follow-up, seven patients developed HF. Mean baseline E/E′ ratio in patients who developed HF 
(HF group) during RV pacing was higher than in patients without HF (non = HF group; 17.9 ± 8 versus 11.5 ± 2, P = 0.018) Even within 
HF group patients without a high baseline E/E′ ratio, it increased with RV pacing (22.2 ± 6 versus 11.6 ± 2; P < 0.001). In patients with 
pacemaker and first-degree AV block, RV pacing with the optimal AV delay of 160 ms increased SV. However, the risk of HF may be 
increased with RV pacing if the E/Eʹ ratio is > 15 during intrinsic AV conduction or RV pacing. RV pacing should be avoided in patients 
with high E/Eʹ ratio under intrinsic AV conduction or RV pacing.
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Introduction

Sick sinus syndrome and advanced atrioventricular (AV) block 
are often treated with a pacemaker. However, ventricular contrac-
tion during right ventricular (RV) pacing might be less efficient 
than physiological ventricular contraction during intrinsic AV 
conduction because of dyssynchrony caused by RV pacing [1–4]. 
Therefore, some studies have suggested that intrinsic AV conduc-
tion should be preserved to prioritize physiological ventricular 
contractions as much as possible [5–7]. Synchronization between 
the atria and ventricles is also important for cardiac function. In 
patients with functioning atria (without atrial fibrillation), ventricu-
lar contraction with appropriate timing after atrial contraction is an 

important factor to ensure adequate stroke volume (SV). Although 
the intrinsic rhythm allows for physiological ventricular contrac-
tion, excessive delays in AV conduction time (PR interval) may 
lead to diastolic mitral regurgitation or adversely affect left ven-
tricular (LV) function. It has been reported that echocardiography 
is useful for optimizing AV delay settings in patients with pace-
makers [8]. AV synchronization is very important for maintaining 
adequate SV, particularly in patients with heart failure. Therefore, 
studies have been conducted to explore optimum AV delay for 
cardiac resynchronization therapy (CRT) [9–11].

Regarding pacemakers for bradycardia, some studies have 
reported on the optimization of AV delay [8–13]. However, it 
remains unknown whether intrinsic AV conduction with delays in 
AV conduction time exceeding physiological levels (correspond-
ing to first-degree AV block) should be preserved or ventricular 
pacing with AV delay within physiological levels should be deliv-
ered to obtain better LV function. RV pacing may cause intraven-
tricular conduction defects or dyssynchrony that leads to impaired 
LV function. Therefore, this study aimed to compare a pacing 
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mode-preserving, intrinsic AV conduction with the DDD mode 
delivering RV pacing in terms of echocardiographic parameters 
in patients with first-degree AV block and to investigate whether 
RV pacing induces heart failure (HF).

Materials and methods

Study design

This prospective observation study was conducted in patients 
with pacemakers who had an intrinsic rhythm with electrocardio-
graphic findings of first-degree AV block and regularly visited an 
outpatient clinic for pacemaker checks. The effects of intrinsic AV 
conduction rhythm with first-degree AV block in the AAI pac-
ing mode and RV paced rhythm with optimal AV delay in the 
DDD pacing mode on SV were examined. The optimal AV delay 
to obtain maximum SV was determined under echocardiographic 
guidance. Patients were followed for 6 months after their pace-
maker setting was changed from AAI to DDD pacing mode to 
determine whether they develop HF, while in the DDD pacing 
mode with optimal AV delay.

Eighteen patients who had first-degree AV block and without 
RV pacing (programming either AAI mode or preference intrinsic 
AV conduction mode) were enrolled in the study between July 
2018 and September 2020. One patient was excluded, because 
atrial fibrillation was detected at screening and a total of 17 patients 
were studied. Table 1 shows baseline characteristics of enrolled 
patients. None of study patients had history of HF hospitalization. 
Two patients had HF symptoms, such as occasional shortness 
of breath with exercise, and were being treated with medication. 
The patients underwent blood sampling for N-terminal pro-brain 
natriuretic peptide (NT-proBNP) testing. They also underwent 
transthoracic echocardiography. SV was measured (1) under intrin-
sic AV conduction (PQ interval > 200 ms) and with AV delays 
of (2) 120 ms, (3) 160 ms, and (4) 200 ms, respectively. The AV 
delay that provided the maximum SV was considered the opti-
mal AV delay. At the start of the 6-month follow-up period, the 
pacemakers of all patients were set to DDD pacing mode with an 
optimal AV delay of 160 ms. The patients were monitored for signs 
of HF, such as symptom of New York Heart Association class 
II or more, or pulmonary congestion or increasing cardiothoracic 
ratio on chest X-ray, and changes in NT-proBNP levels during the 
follow-up period. This study was approved by the ethics committee 
of Nihon University Itabashi Hospital. Written informed consent 
was obtained from all patients (approval number: RK-180313-10).

Diagnosis of heart failure

The definition of HF was based on the Framingham criteria [14]. 
The major criteria consisted of paroxysmal nocturnal dyspnea, 
orthopnea, abnormal jugular venous distention, pulmonary rales, 
cardiomegaly, pulmonary edema, presence of a third heart sound, 

central venous pressure > 16  cmH2O, and hepatojugular reflex. 
The minor criteria consisted of edema, night cough, hepatomegaly, 
pleural effusion, tachycardia > 120 bpm, and weight loss > 4.5 kg in 
5 days (considered a major criterion if it occurs during therapeutic 
interventions for HF). A patient was considered to have HF if two 
major criteria were present or if one major and two minor criteria 
were present concurrently. Two cardiologists confirmed the find-
ings in each patient.

Echocardiographic measurements

Left ventricular ejection fraction (LVEF) and LV mass was calculated 
with the formula derived from American Society of Echocardiography 
data [15]. LVEF was generally calculated using the modified Quinones 
method [16], but the modified Simpson’s method was used in patients 
with LV dysfunction [17]. LV mass index was calculated as the LV 
mass-to-body surface area ratio [18]. Transmitral flow velocity curves 
were recorded to measure peak early diastolic flow velocity (E) and late 
diastolic flow velocity (A). Tissue Doppler imaging was performed at 
the level of the septal mitral annulus to measure early diastolic myocar-
dial velocity (E′) and late diastolic myocardial velocity (A′), as previously 
described. A parasternal long axis view was obtained. The diameter of 
left ventricular outflow tract (LVOT) was measured during mid-systole. 
An apical five-chamber view was obtained. Left ventricular outflow tract 
velocity time integral (LVOT VTI) was measured using pulsed-wave 
Doppler in the LVOT using a 2 mm sample volume positioned just 
proximal to the aortic valve. LVOT VTI is considered to be a surrogate 
of SV according to the following equations:

Table 1  Baseline patient characteristics

ACEI angiotensin-converting enzyme inhibitor, ARB: angiotensin 
receptor blocker, AV atrioventricular, LVDd left ventricular diastolic 
diameter, LVDs left ventricular systolic diameter

Age (years) 78 ± 9
Male gender, n (%) 6 (35)
Pacemaker indication
 Sick sinus syndrome, n (%) 12 (70)
 Transient or advanced atrioventricular block, n (%) 5 (30)

AV interval (ms) 250 ± 40
Intrinsic QRS duration (ms) 115 ± 25
Hypertension, n (%) 12 (71)
Diabetes mellitus, n (%) 1 (6)
Medication
 Beta-blocker, n (%) 9 (53)
 ACEI/ARB, n (%) 11 (65)
 Antiarrhythmic agent, n (%) 4 (24)

Echocardiographic assessment
 LVDd (mm) 48 ± 4
 LVDs (mm) 32 ± 4
 Ejection fraction (%) 63 ± 6
 Left atrial dimension (mm) 40 ± 8
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Determination of the optimal AV interval in DDD pacing 
mode

All patients presented with intrinsic AV conduction with a 
first-degree AV block. At first, echocardiographic assessment 
including SV was performed with the intrinsic AV conduction 
rhythm as the baseline. Next, the pacemaker was programmed 
to the DDD pacing mode while varying the AV delay interval to 
120, 160, and 200 ms to determine which setting corresponds to 
maximum SV. The pacemaker was programmed to the AV delay 
interval of 160 ms with maximum SV. The setting continued for 
6 months, unless cardiac events occurred.

Statistical analysis

Continuous variables are presented as means ± SD. Categorical 
variables are expressed as numbers and percentages. Differences 
between groups were assessed using Student’s t test for normally 
distributed continuous variables and the Mann–Whitney U test for 
non-normally distributed continuous variables. Fisher’s exact test 
or the chi-squared test was used for categorical variables. P < 0.05 
was considered to be significant.

Results

Study patients

Table 1 shows patient characteristics at baseline. The study 
included 17 patients with mean age of 78 ± 9 years. There were 6 
males (35%) and 11 females (65%). The most common underly-
ing heart disease was sick sinus syndrome (n = 12/17; 71%). Mean 
intrinsic PQ interval was 250 ± 40 ms and mean intrinsic QRS 
duration was 115 ± 25 ms. Systolic function was preserved in all 
patients, and mean LVEF was 63 ± 6%. Median NT-proBNP level 
at screening was 257 pg/dl (interquartile range 105–665 pg/dl).

SV during RV pacing with the optimal AV delay of 160 ms 
was greater than SV during intrinsic rhythm in all patients (59 ± 12 
vs. 67 ± 11 ml; P < 0.001; Fig. 1). Therefore, at the start of follow-
up, pacemakers were set to deliver RV pacing in the DDD pacing 
mode. For patients who developed HF with RV pacing during the 
6-month follow-up period, the pacemaker was re-programmed to 
the initial setting to preserve intrinsic AV conduction with first-
degree AV block whenever possible. We originally planned to 
enroll many more patients in this study. However, we terminated 
enrollment when the number of participants reached 17, because 
the incidence of heart failure was higher than expected.

Clinical follow‑up

During the 6-month follow-up period with RV pacing, seven 
patients developed or relapsed into acute decompensated HF. 
Patients who developed heart failure during the follow-up period 

were categorized into the heart failure (HF) group. Those who 
did not develop heart failure were classified into the non-heart 
failure (non-HF) group. When outcomes were compared, there 
were no significant differences in baseline electrocardiographic 
findings and mean QRS duration after the start of RV pacing 
between the groups (Table 2). Mean NT-proBNP in the HF group 
was significantly higher than in the non-HF group (166 ± 117 vs. 
958 ± 740 pg/dl; P = 0.004). Although there was a significant dif-
ference in EF at the follow-up assessment between the non-HF 
and HF groups (66.2% versus 58.6%, P = 0.0459), the HF group 
had relatively preserved EF (Fig. 2). The E/E′ ratio was the only 
echocardiographic parameter that was significantly higher in the 
HF group in the AAI pacing mode for preserving intrinsic rhythm 
(11.0 ± 1.5 vs. 17.9 ± 8.2; P = 0.018). Figure 3 shows changes in 
E/E′ ratio from the intrinsic rhythm phase to the RV pacing phase 
in both groups. In the non-HF group, no significant changes in E/E′ 
ratio were observed during intrinsic rhythm or RV pacing. None 
of the patients had an E/E′ ratio reaching > 15. In the HF group, all 
patients had E/E′ ratios > 15 during RV pacing.

Pacemaker settings were re-programmed to prolong AV delay 
and preserve intrinsic rhythm in all patients in the HF group. How-
ever, patients 5, 6, and 10 still required RV pacing, because they 
did not have intrinsic QRS activity even though the AV delay was 
prolonged to the maximum possible level. All seven patients in the 
HF group improved clinically during hospitalization and continued 
treatment in the outpatient clinic. However, Patients 5 and 6 were 
re-admitted due to worsening heart failure within the follow-up 
period. One underwent CRT pacemaker (CRT-P) implantation to 
enhance treatment. In the non-HF group, no significant changes in 
E/E′ ratio (11.0 ± 1.5 vs. 11.6 ± 2.1; P = 0.44) or NT-proBNP levels 
(166 ± 117 vs. 153 ± 112 pg/ml; P = 0.72) were observed during 
the follow-up period.

Discussion

In this study, maximum SV was obtained during RV pacing with 
optimal AV delay rather than during intrinsic AV conduction in 
patients with pacemakers and first-degree AV block. However, 
even though the pacemaker was programmed to the optimal set-
ting based on echocardiographic assessment, seven (41%) patients 
developed HF, suggesting that some patients may have better 
hemodynamics in a pacing mode that preserves intrinsic ventricu-
lar contraction with very long PR intervals than with RV pacing in 
the DDD pacing mode with an optimal AV delay, which is believed 
to be more physiological. This is the first study that compared the 
incidence of HF between a pacing mode-preserving intrinsic ven-
tricular contraction with prolonged PR intervals and RV pacing 
with the optimal AV delay in patients with pacemakers.

Sweeney et al. reported that RV pacing induces HF and atrial 
fibrillation in the Mode Selection Trial (MOST) [9]. The develop-
ment of HF in seven patients in the present study supports this 
report. On the other hand, Riahi et al. reported that RV pacing 
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in the DDD pacing mode is not associated with the development 
of HF [19]. Ten patients in the present study did not develop HF, 
similar to the results from Riahi et al.

There are many studies indicating that RV pacing is harmful 
[5–7]. Therefore, pacemaker manufacturers have developed pace-
makers with new algorithms that preserve intrinsic conduction. 
These algorithms include Managed Ventricular Pacing  (MVP™; 
Medtronic, Minneapolis, USA) and Ventricular Intrinsic Prefer-
ence  (VIP™; Abbott Laboratories, Illinois, USA). In our clinical 
practice, there have been questions about what is the maximum 
acceptable prolongation of the PR interval and whether intrin-
sic AV conduction should be preserved even if the PR interval 
is ≥ 300 ms when these algorithms are applied. In the present study, 
RV pacing did not lead to adverse events in approximately 60% of 
patients. However, RV pacing led to HF in approximately 40% of 
patients. These findings cannot completely suggest that RV pacing 
is harmful. In this study, some patients developed HF even though 
all patients had LVEF > 50% at baseline and their pacemakers were 
programed with the optimal AV delay to provide the maximum 
SV, suggesting that the development of HF might not always be 
associated with impaired systolic function. In contrast, some stud-
ies reported that worsening of HF is associated with impaired sys-
tolic function [20, 21]. E/E′ ratio has commonly been used as an 
index of diastolic function in clinical practice and research stud-
ies [22, 23]. The present study compared changes in E/E′ ratio 
before and after RV pacing between the HF and non-HF groups. 
Compared with the non-HF group, E/E′ ratio worsened to > 15 or 
increased from baseline in the HF group. Therefore, patients with 
impaired diastolic function or who develop left heart strain during 
RV pacing might be at risk of developing HF associated with RV 
pacing. Although it is difficult to fully explain why the optimal 
AV delay sometimes leads to HF, we speculate that RV pacing 
can lead to systolic dyssynchrony despite AV delay optimization, 
resulting in diastolic dysfunction. In this study, optimal AV delay 

was determined based on echocardiographic assessment. Echocar-
diography was performed in the resting state and this programming 
might not be the best in situations when heart rate increases. Intrin-
sic AV conduction might differ as heart rate increases. Therefore, it 
is possible that the optimal AV delay was no longer optimal when 
the patient is active or in an emotional state. We believe that this is 
a limitation of AV optimization based on echocardiography, unless 
the echocardiographic assessment was performed during exercise 
(e.g., with an ergometer).

Clinical implications

The results of this study suggested that E/E′ ratio might be use-
ful for predicting an increase in heart strain and the development 
of heart failure in association with RV pacing. Previous studies 
have found RV pacing unfavorable and recommended intrinsic 
conduction [5–7]. However, it is unknown whether a very long 
AV conduction time is acceptable. In this study, the DDD pacing 
mode with optimal AV delay resulted in greater SV than very long 
intrinsic AV conduction based on echocardiographic assessment. 
Approximately 60% of the study patients did not develop HF dur-
ing RV pacing, suggesting that the DDD pacing mode with the 
optimal AV delay, which is believed to be physiological, might 
be better than intrinsic conduction if the intrinsic AV conduction 
time is too long. On the other hand, the remaining 40% patients 
developed HF during RV pacing, indicating that intrinsic conduc-
tion should be preferred over RV pacing in such patients even if 
their intrinsic AV conduction time is substantially longer than the 
optimal AV delay. These findings might be consistent with find-
ings from the Biventricular versus Right Ventricular Pacing in 
Heart Failure Patients with Atrioventricular Block (BLOCK HF) 
trial [24], which showed that CRT should be selected for patients 
with low cardiac function (LVEF < 50%). This study might help 
determine whether the current pacemaker should be replaced with 
CRT-P to enhance treatment. E/E′ ratios before and after RV pac-
ing may be useful information for determining whether intrinsic 
AV conduction should be preferred or the current pacemaker 
should be replaced with CRT-P early in patients with first-degree 
AV block who will inevitably require pacing.

Limitations

This study has some limitations. First, the sample size was small, 
with only 17 patients. We originally planned to include more 
patients, but had to discontinue patient enrollment, because some 
patients developed HF associated with RV pacing and there was a 
possible risk of causing a disadvantage to patients. Second, follow-
up duration was too short to determine the effect of RV pacing on 
HF, due to the same reason as for the first limitation. However, 
despite this short follow-up duration, a relatively high number of 
patients developed HF unexpectedly. This result demonstrated that 
undesirable effects are possible with RV pacing in certain patients. 

Fig. 1  Change in stroke volume with RV pacing. Stroke volume 
increased with RV pacing at optimal AV delay in all patients. AV atri-
oventricular, RV right ventricular
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Table 2  Comparisons between 
the non-heart failure and heart 
failure groups

E/E′ ratio of peak mitral E wave velocity to peak early diastolic myocardial velocity at the septum based on 
tissue Doppler imaging, HF heart failure, NT-proBNP N-terminal pro-brain natriuretic peptide, LV mass 
index: left ventricular mass index

Non-HF group (n = 10) HF group (n = 7) P value

Age (years) 77 ± 10 78 ± 8 0.540
Male gender, n (%) 4 (40) 2 (28) 0.653
PQ interval (ms) 237 ± 23 267 ± 53 0.126
QRS duration (ms) 116 ± 22 114 ± 32 0.901
Pacing QRS duration (ms) 158 ± 39 141 ± 6 0.364
NT-proBNP (pg/dl) 166 ± 117 957 ± 740 0.004
Stroke volume (ml) 55 ± 10 62 ± 13 0.075
Ejection fraction (%) 64 ± 5 62 ± 7 0.542
E/Eʹ 11.0 ± 1.5 17.9 ± 8.2 0.018
Left atrial dimension (mm) 38 ± 8 44 ± 6 0.072
LV mass index (g/m2) 99 ± 16 120 ± 26 0.063
LV relative wall thickness 0.40 ± 0.05 0.40 ± 0.08 0.940

Fig. 2  EF with RV pacing at the follow-up echocardiographic assessment by heart failure status. There were no significant differences in EF 
between the two groups. EF ejection fraction, HF heart failure, RV right ventricular
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Third, the AV delay that provided the maximum SV was selected 
as the optimal AV delay based only on echocardiography. We are 
not sure whether relying only on echocardiographic assessment 
is the gold standard. However, we selected this strategy because 
previous studies also set AV delay based on echocardiographic 
findings [8–13].

Conclusions

In patients with pacemakers and first-degree AV block, RV pacing 
with the optimal AV delay generally increased SV, but it should be 
used carefully because RV pacing may cause HF in some patients. 
E/E′ ratio may be useful for predicting the development of HF 
associated with RV pacing.
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