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Abstract

Background: Atrial pacing and right ventricular (RV) pacing are both associated with
adverse outcomes among patients with first-degree atrioventricular block (1°AVB).
His-bundle pacing (HBP) provides physiological activation of the ventricle and may be
able to improve both atrioventricular (AV) and inter-ventricular synchrony in 1°AVB
patients. This study evaluates the acute echocardiographic and hemodynamic effects
of atrial, atrial-His-bundle sequential (AH), and atrial-ventricular (AV) sequential pac-
ing in 1°AVB patients.

Methods: Patients with 1°AVB undergoing atrial fibrillation ablation were included.
Following left atrial (LA) catheterization, patients underwent atrial, AH- and AV-
sequential pacing. LA/left ventricular (LV) pressure and echocardiographic measure-
ments during the pacing protocols were compared.

Results: Thirteen patients with 1°AVB (mean PR 221 + 26 ms) were included. The PR
interval was prolonged with atrial pacing compared to baseline (275 + 73 ms, p = .005).
LV ejection fraction (LVEF) was highest during atrial pacing (62 + 11%), intermediate with
AH-sequential pacing (59 + 7%), and lowest with AV-sequential pacing (57 + 12%) though
these differences were not statistically significant. No significant differences were found
in LA or LV mean pressures or LV dP/dT. LA and LV volumes, isovolumetric times, electro-
mechanical delays, and global longitudinal strains were similar across pacing protocols.
Conclusion: Despite pronounced PR prolongation, the acute effects of atrial pacing
were not significantly different than AH- or AV-sequential pacing. Normalizing atri-
oventricular and/or inter-ventricular dyssynchrony did not result in acute improve-

ments in cardiac output or loading conditions.
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1 | INTRODUCTION

Direct pacing of the His-bundle (His-bundle pacing [HBP]) activates
the ventricle through the heart's intrinsic conduction system and
has been hypothesized to mitigate the detrimental effects of inter-
ventricular dyssynchrony from left bundle branch block or right
ventricular pacing (Kronborg et al., 2012; Vijayaraman et al., 2017;
Zanon et al., 2011). Atrioventricular (AV) dyssynchrony may nega-
tively impact ventricular hemodynamics and has been associated
with worse outcomes among patients undergoing cardiac resyn-
chronization therapy (CRT; Friedman et al., 2016; Kronborg et al.,
2010). The optimal pacing strategy for patients with AV dyssyn-
chrony remains unknown.

First-degree atrioventricular block (1°AVB) has been considered a
benign finding; however, recent studies suggest an independent as-
sociation with increased risk of atrial fibrillation and all-cause mortal-
ity (Holmqvist & Daubert, 2013). In the Managed Ventricular Pacing
(MVP) trial (Sweeney et al., 2010), there was an association between
atrial pacing and death or heart failure (HF) hospitalization among pa-
tients with PR intervals 2230 milliseconds (ms). The PR interval pro-
longs during atrial pacing at any rate (Sweeney et al., 2008), and it was
hypothesized that increases in an already-prolonged PR interval may
have increased AV dyssynchrony and driven the higher event rates.
Canine studies have shown that ventricular hemodynamics are less
impacted by AV dyssynchrony when the ventricle is activated via the
intrinsic conduction rather than ventricular pacing (Kosowsky et al.,
1968). It is unclear whether restoration of AV synchrony without
introduction of inter-ventricular dyssynchrony through A-His (AH)
sequential pacing would improve outcomes in patients with 1°AVB.

This study compared the acute hemodynamics and echocardio-
graphic effects of three pacing strategies in patients with 1°AVB: (1)
atrial pacing, (2) AH-sequential pacing, and (3) AV-sequential pacing.
We hypothesized that AH-sequential pacing would be superior to
atrial and AV-sequential pacing due to its preservation of both AV
and inter-ventricular synchrony.

2 | METHODS

2.1 | Patient population

Patients undergoing clinically indicated pulmonary vein isola-
tion (PVI) for atrial fibrillation using routine techniques at Duke
University Medical Center were targeted for enrollment due to the
need for left atrial (LA) access and pressure monitoring. Additional
inclusion criteria were 1°AVB (PR 2200 ms), QRS duration <120 ms,
and a normal left ventricular ejection fraction (LVEF 255%). Patients
were excluded for participation in any concurrent research study,
the presence of any bundle branch block, second- or third-degree
AV-block, atrial fibrillation at the time of procedure, congestive heart
failure, cardiomyopathy, myocardial infarction or recent major surgi-
cal procedure, or logistical issues (unavailability of echo lab staff at
the time of procedure).

2.2 | Experimental protocol

The PVI was carried out according to the standard clinical routine
under general anesthesia and at the discretion of the attending elec-
trophysiologist. The experimental protocol was commenced before,
during or after the LA ablation. The experimental protocol consisted
of an electrophysiological study to assess the echocardiographic re-
sponse to the three different pacing strategies (atrial, AH-sequential,
and AV-sequential pacing). Catheters were positioned in the high
right atrium, His-bundle region, and right ventricular (RV) apex to
allow pacing at the desired positions. With each pacing strategy,
pacing was performed at 10 to 15 beats per minute (bpm) above the
basal rate or 5 to 10 bpm below the Wenckebach point, whichever
was lower. For AV-sequential and AH-sequential pacing, a fixed AV
delay of 150 ms was used. Echocardiographic evaluation (see below)
was done during baseline without pacing, and during pacing at each
of the pre-specified locations. Pacing from each site was maintained
for at least one minute before echocardiographic recording to en-
sure that a steady-state had been obtained. The left atrial pressure
was measured using the trans-septal sheath. The order of applica-

tion of the three pacing protocols was varied across patients.

2.3 | Criteria to ensure para-hisian pacing

Selective His-bundle capture was confirmed by identifying (1) an iso-
electric interval between pacemaker spike and QRS complex; (2) a
QRS identical to that during normal sinus rhythm and (3) pacing from
a fluoroscopic site similar to His recording (Zanon & Barold, 2012).
Non-selective His-bundle pacing was confirmed if (1) an isoelectric
interval between spike and QRS was not observed; (2) change in pac-
ing output leading to transition of QRS morphology, proving the ex-
istence of fusion and (3) pacing from similar fluoroscopic site to His

recording or slightly more ventricular (Burri et al., 2020).

2.4 | Echocardiographic evaluation

All study subjects underwent a comprehensive transthoracic
echocardiogram. Two-dimensional views during five to ten
beats were recorded digitally using the GE Vivid 7 system (GE
Healthcare, Chicago, IL). Measurement of the electromechanical
delay (time between stimulation and the tissue Doppler imaging
[TDI] systolic wave onset; Bader et al., 2004) and electrosystolic
delay (time between QRS onset and peak systolic contraction; Bax
et al., 2003) using pulsed-wave TDI with sampling in the basal seg-
ments of opposing left ventricular walls (the midseptal and the
midlateral wall) in the apical four-chamber view was also meas-
ured. Left ventricular ejection fraction (LVEF), LV dimensions,
LA dimensions, isovolumetric contraction (IVCT), and relaxation
(IVRT) times were collected. All measurements were conducted
in accordance with American Society of Echocardiography (ASE)
recommendations. LVEF was calculated by the percent change
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in LV volume between systole (LV end-systolic volume [LVESV])
and diastole (LV end-diastolic volume [LVEDV]). Studies were up-
loaded to the vendor-independent TomTec image arena (Munich,
Germany: REF-TTA2; LOT-20.01). This software was used to
measure speckle-tracking echocardiography global longitudinal
strain (GLS) for all cardiac chambers by manually tracing the en-
docardial border in end systole and the software automatically
traced a region of interest including the entire myocardium. The
patients, the investigators performing the echocardiographic pro-
cedure, and the physicians interpreting the echocardiographic
images were blinded to pacing site; only the treating electrophysi-
ologist who performed the electrophysiological study was aware
of the pacing site.

2.5 | Impedance catheter procedures

In a subset of the study population (n = 4) a CD Leycom pressure
sensor catheter (CD Leycom, 7556 BP Hengelo, The Netherlands)
was used to obtain cardiac output measurements and real-time LV
pressure measurements. The pressure sensor catheter was inserted
through a trans-septal sheath (positioned for the ablation procedure)
to access the LA and advanced through the mitral valve to access the
LV. Cardiac output and real-time LV pressures were obtained in each

pacing configuration.

2.6 | Statistics

Data are presented as mean + standard deviation or as a percent-
age of the total (categorical variables). For comparisons between
atrial pacing and AV- or AH-pacing, paired t-tests or Wilcoxon's
signed-rank test was used based on the results of the Shapiro-
Wilk test. Fisher's exact test was used for categorical variables. All
tests were two-sided and an adjusted p < .05 was considered sta-
tistically significant. All analyses were performed using IBM SPSS
Statistics (IBM Corp. Released 2017. IBM SPSS Statistics for Mac,
Version 25.0. Armonk, NY: IBM Corp) and R (R Core team, 2017,

Vienna, Austria).

3 | RESULTS

Between April 2015 and October 2017, 561 patients were
screened for enrollment. An ECG demonstrating sinus rhythm,
a PR >200 ms, and QRS <120 ms was present in 95 patients.
Exclusion criteria were present in 75 patients resulting in 20 pa-
tients being enrolled in the study (Figure 1). An additional seven
patients were excluded due to having a normal PR at the time of
the procedure (n = 2), having inadequate echo images (n = 4), or
being in atrial fibrillation at the time of the procedure (n = 1). A
total of 13 patients underwent the pacing protocols and constitute
the study population.

WI LEYM

[ 561 patients screened ]

463 without PR >200ms
35 logistical reasons
20 with CHF or recent M|

16 enrolled in competing studies
4 declined

3 QRS duration > 120ms

Total screen failures: 541

[ 20 patients enrolled ]

2 with PR <180ms at time of PVI

4 with inadequate echocardiogram
1 with atrial fibrillation at time of PVI
Total excluded: 7

[ 13 patients analyzed ]

Baseline measurements

[ Atrial pacing } [AH sequential pacing] [AV sequential pacing]
L J
Y

Randomized order

FIGURE 1 CONSORT diagram of patient enroliment:
Description of screening and exclusion of patients approached for
inclusion in this study. AH, atrial-His; AV, atrial-ventricular; CHF,
congestive heart failure; Ml, myocardial infarction; PVI, pulmonary
vein isolation

Baseline characteristics of the study population are shown in
Table 1. The mean age of the studied patients was 65 + 9 years and
the majority (69%) were male. The mean PR interval on the screening
ECG at enrollment was 221 + 26 ms (range 200-278 ms). Prior to
the procedure, seven patients (54%) were using beta-blockers, three
were using calcium channel blocker (23%) and nine patients (69%)
were using Class | or Il antiarrhythmic drugs. All but one patient
(92%) were using one or more of these drugs. Of note, for 11 out of
the 12 patients treated with one of these drugs, at least one drug
was held for one or more days prior to ablation.

ECG intervals at the time of the procedure are shown in
Table 2. The mean baseline PR was 221 + 26 ms. With atrial pacing,
the mean PR interval significantly increased compared to baseline
(275 + 73 ms; p = .005). All but one patient showed an increase in PR
interval with atrial pacing. The QRS durations during atrial and AH-
sequential pacing were similar (95 + 16 and 105 + 22 ms, p = .19),
but substantially prolonged with AV-sequential pacing (157 + 20 ms,
p < .0001). Selective His-capture was achieved in nine (69%) pa-
tients and non-selective His-capture in the rest.

Hemodynamic data for each of the pacing protocols is shown
in Table 2. There were no significant differences in blood pressure,
mean LA pressure, or the magnitude of the LA V wave across pac-
ing protocols. Four of the included patients had invasive LV hemo-
dynamic measurements done including LV end-diastolic pressure
(LVEDP), mean LV pressure, and the maximum/minimum rates of
LV pressure change (LV dP/dT_. and LV dP/dT,
No differences in LV hemodynamics were seen across pacing

mine respectively).
protocols.

The echocardiographic measurements for each pacing pro-
tocol are summarized in Table 3. LVEF was highest in atrial pacing
(62 + 11%), intermediate in AH-sequential pacing (59 + 7%) and
lowest in AV-sequential pacing (57 + 12%), but this difference was
not statistically significant (Figure 2). LV volumes, stroke volume, LA
volume, isovolumetric contraction and relaxation times, and global
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TABLE 1 Baseline characteristics

Demographics

Age (years) 65+9
Male 9 (69%)
Physical examination

Weight (kg) 94 + 15
Height (cm) 176 + 7.7
BMI (kg/m?) 30.5+6.4
Systolic blood pressure (mmHg) 136 + 17
Diastolic blood pressure (mmHg) 74 + 12
Screening ECG

Heart Rate (bpm) 65 + 14
PR interval (ms) 221 + 26
QRS duration (ms) 99 + 12
QTc (ms) 439 + 32
Past medical history

Hypertension 10 (77%)
Diabetes 2 (15%)
Cerebrovascular accident 1 (8%)
Chronic lung disease 1 (8%)
Renal disease 0 (0%)
Cancer in past 5 years 1 (8%)
Obstructive sleep apnea 5(39%)
Current alcohol use 0 (0%)

Tobacco (no/current/former)

7 (54%)/0 (0%)/6 (46%)

Medication

Beta blocker 7 (54%)
Calcium channel blockers 3 (23%)
Anticoagulant 12 (92%)
Aspirin 4 (31%)
ACE 3(23%)
ARB 3(23%)
Digoxin 2 (15%)
Aldosterone 1 (8%)
Class | or Il antiarrhythmic drugs 9 (69%)

Abbreviations: ACE, angiotensin-converting enzyme inhibitor; ARB,
angiotensin-receptor blocker; bpm, beats per minute; BMI, body mass

index.

longitudinal strain were similar across pacing groups. Intraventricular
dyssynchrony was measured by the difference in electromechanical
delay (time from QRS onset to local contraction) of the septal to lat-
eral walls and was not different between atrial pacing and AH- or
AV-sequential pacing (p = .48, p = .14, respectively).

4 | DISCUSSION

In patients with 1°AVB, there were no significant differences in meas-
ures of systolic function (LVEF, stroke volume, global longitudinal

strain) or chamber volumes (LVEDV, LVESV, LA volume) during atrial,
AV-sequential, or AH-sequential pacing. Atrial pacing resulted in fur-
ther prolongation of the PR interval, but no adverse hemodynamic
or echocardiographic changes were identified. Correction of 1°AVB
with A-His-bundle sequential pacing demonstrated no hemody-
namic benefit compared to baseline or atrial pacing in patients with
modest PR prolongation.

Almost one in five (17.5%) of the patients with atrial fibrillation
and normal left ventricular function, screened for potential inclusion
in the current study were found to have 1°AVB. Taking age, male pre-
dominance, and cardiac comorbidity into account, this proportion
is congruent with estimates from earlier studies (Crisel et al., 2011,
Magnani et al., 2013). Additionally, concurrent medication use may
have increased the incidence of PR prolongation in this population.
The vast majority of patients in our study were using drugs known
to prolong AV nodal conduction time (Prystowsky, 1988). The influ-
ence of these drugs on AV nodal conduction is further supported by
the fact that two patients were excluded from the study because
their PR normalized after holding their AV nodal agents prior to their
procedure.

During exercise, the PR interval shortens with increasing heart
rate, primarily via a withdrawal of parasympathetic tone (Atterhog
& Loogna, 1977; Danter & Carruthers, 1990). However, when heart
rate is artificially increased by atrial pacing in the absence of simul-
taneous withdrawal of the parasympathetic tone, the PR interval
paradoxically increases (Josephson, 2015). In the present study, we
found that atrial pacing significantly prolonged the PR interval in
patients with baseline 1°AVB. Thus, although the PR prolongation
was mild in several of the patients at baseline, all patients had more
notable PR prolongation during atrial pacing.

However, even this moderate degree of PR interval prolongation
(mean of 275 ms), did not seem to negatively impact LV pressures or
systolic function in this acute study. In patients with normal LVEF
and short-term exaggeration of their pre-existing 1°AVB, treatment
of asymptomatic 1°AVB does not appear to confer a hemodynamic
benefit even when the PR prolongation is moderately severe.

The mean LVEF was normal in all pacing modes and not differ-
ent across the pacing groups. The majority of patients (8/13) had
higher LVEFs during atrial pacing compared to AH-sequential or AV-
sequential pacing. These differences were more dramatic between
atrial and AV-sequential pacing, though overall small and not statis-
tically significant across the groups. It does not appear that restored
AV synchrony via AH-sequential pacing provides a better acute he-
modynamic profile than atrial pacing.

Unnecessary right ventricular pacing has been shown to be
detrimental in patients with reduced LVEF and especially so in
patients with 1°AVB (Kutalek et al., 2008; Wilkoff et al., 2002).
Moreover, 1°AVB patients were shown to fare worse with atrial
pacing when compared to ventricular backup pacing at a low rate
(Sweeney et al., 2010). Also, in patients with preserved LVEF,
both atrial pacing and PR prolongation have been associated with
higher rates of atrial fibrillation (Nielsen et al., 2011, 2012). Given
the potential adverse effects of atrial and RV pacing, CRT may be
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TABLE 2 Electrocardiographic and hemodynamic parameters during pacing protocols

Parameter Atrial AH-sequential p-value AV-sequential p-value
Electrocardiographic data

PR/Stim to QRS (ms) 275+ 73 177 + 24 .0016* 159 + 11 .0016*
QRS duration (ms) 95+ 15 105 + 22 19 157 + 20 <.0001
Systemic & LA hemodynamic data

Systolic blood pressure (mmHg) 125+ 14 127 + 16 48 122 + 17 .56
Diastolic blood pressure (mmHg) 65+ 11 68 + 10 .03 66 +12 75
Mean LA pressure (mmHg) 11+6 13+ 8 .18* 11+7 47*
LAV wave (mmHg) 18+ 8 18+8 .58 18+ 9 73
Left ventricular pressure data (n = 4)

LVEDP (mmHg) 12+ 2 11+ 1 46 12+ 4 75
Mean LV pressure (mmHg) 44 + 17 46 + 18 .99* 43 +21 .90
LV dP/dT_ . (mmHg/s) 1224 + 201 1201 + 209 .23 1156 + 192 .18
LV dP/dT,_;, (mmHg/s) -1321 + 113 -1261 £ 156 16 -1246 + 143 45

Note: p-values reflect comparison of atrial pacing to AH-sequential and AV-sequential pacing by paired t-test or Wilcoxon's signed-rank test (*).
Bold values refer to p-values <.0026 considered significant after Bonferroni's correction for multiple comparisons.

Abbreviations: LA, left atrial; LV, left ventricular; LVEDP, left ventricular end-diastolic pressure.

TABLE 3 Echocardiographic evaluation at baseline and during pacing

Parameter Atrial
LVEF (%) 62 +11
LVEDV (ml) 116 + 25
LVESV (ml) 44 +13
Stroke volume (ml) 64 + 19
LA volume 65+ 32
Isovolumetric contraction time (ms) 83 +18
Isovolumetric relaxation time (ms) 97 + 35
Global longitudinal strain 18+ 3
Septal to lateral electromechanical delay (ms) 4+ 14

AH-sequential p-value AV-sequential p-value
59+7 .25 57 +12 11
119 + 29 .25 116 + 32 .53
48 + 15 .22 48 +13 .18
74 + 19 .03 67 £22 49
67 + 34 48 65+ 31 .94
89 +16 .37 130 + 13 .29*
102 + 29 67* 136 +12 31*
182 79* 18+2 47
14 + 45 48 21+ 33 14

Note: p-values reflect comparison of atrial pacing to AH-sequential and AV-sequential pacing by paired t-test or Wilcoxon's signed-rank test (*).
p-values <.003 considered significant after Bonferroni's correction for multiple comparisons.

Abbreviations: LA, left atrium; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVEF, left ventricular

ejection fraction.

an attractive strategy in 1°AVB patients. Preliminary data indicate
that CRT may be beneficial in patients with 1°AVB (Olshansky
et al., 2012). AH-sequential pacing offers the most physiologic
way of achieving cardiac resynchronization in patients with nor-
mal His-Purkinje activation (Deshmukh et al., 2000; Narula et al.,
1970). Early data suggest that permanent HBP is feasible and safe
and potentially improves patient outcomes (Kronborg et al., 2012;
Vijayaraman et al., 2017; Zanon et al., 2011). In preliminary reports
in patients with indications for CRT, HBP has been shown to im-
prove LV function and dimensions (Ajijola et al., 2017). The larg-
est outcomes study (>750 patients) comparing HBP to RV pacing
showed that HBP was associated with reductions in death, heart
failure hospitalization, or upgrade to CRT (Abdelrahman et al.,
2018). On the other hand, in another study addressing the acute
effects of pacing, HBP was shown to have an inferior impact on LV

hemodynamics compared to atrial or LV pacing and was not sig-
nificantly better than RV apical pacing (Padeletti et al., 2007). AH-
sequential pacing may indeed be superior to AV-sequential pacing
in 1°AVB over the long term; however, the present study did not
demonstrate any acute hemodynamic advantage of AH-sequential
pacing over atrial pacing. It is possible that small differences in
hemodynamics (not detected in the present study), accumulate
over time to effect a larger impact on outcomes. Alternatively,
the inter-ventricular dyssynchrony introduced by AV-sequential
pacing may have hemodynamic consequences that are more pro-
nounced as LV function declines, resulting in a non-linear impact
on ventricular function and significant differences in longitudinal
outcomes.

Patients with abnormal LVEF were excluded from participation in
the present study. It is likely that diastolic function and AV synchrony
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FIGURE 2 Change in PR interval between baseline and during atrial pacing. All patients except one (red line) demonstrated a significant

increase in PR interval with atrial pacing

is more important in patients with low LVEF than in patients with
normal LVEF. Whether or not the observed increase in AV dyssyn-
chrony during atrial pacing would translate into adverse hemody-
namic consequences in patients with low LVEF remains untested.

4.1 | Limitations

Selective His-capture was achieved in slightly more than half of
included patients with non-selective His-capture achieved in the
remainder. Although, non-selective His pacing has been suggested
to be comparable to selective His pacing (Upadhyay & Tung, 2017;
Zhang et al., 2017), the beneficial effects of AH-sequential pac-
ing may have been attenuated by this high percentage of non-
selective His-capture. All but one of the patients studied had a
baseline PR interval <230 ms. In the MVP trial, the negative ef-
fects of atrial pacing were primarily seen in patients with a PR
interval exceeding 230 ms (Sweeney et al., 2010). It is plausible
that the observed results would have been different, had patients
with more pronounced PR prolongation been recruited. The study
is small, moreover, and the numerical trends in measures such as
LVEF could have been significant with a larger sample (Table 3).
With a = 0.05 and g = 0.8, the current study was powered to de-
tect differences in LVEF of 8%-10%, LVEDV 23-24 ml, in LVESV
11-12 ml, in IVCT 14-80 ms and IVRT of 26-70 ms. In the subset
of patients with LV pressure data, there was adequate power to
detect a 5-6 mmHg difference in LVEDP and 34-39 mmHg dif-
ference in mean LV pressure. While these effect sizes represent
clinically significant changes, the present study does not have
adequate power to detect smaller differences, which may also be
clinically relevant. Echocardiographic evaluation of the right ven-
tricular function and/or timing was not assessed in the present
study. Therefore, any inferences about inter-ventricular dyssyn-
chrony due to pacing mode cannot be drawn. The present study

only addresses acute effects of pacing in patients with 1°’AVB and
any inferences about long-term effects based on our data must be
drawn with great caution. A fixed paced AV interval of 150 ms was
used for AV- and AH-sequential pacing protocols. This resulted
in a slightly different effective AV interval in those with selective
vs non-selective HB capture (Table 2). A more individualized ap-
proach to AV timing using mitral inflow curves may have resulted
in a more favorable response to restoration of AV synchrony.
Each pacing protocol was instituted for at least one minute prior
to obtaining measurements. It is possible, this was an insufficient
amount of pacing to elicit significant hemodynamic changes that
may have been detected with more prolonged exposure to each
pacing protocol. The CD Leycom pressure sensor catheter was
only used in a small subset of the patients due to cost restraints.
This part of the study is, thus, underpowered for any definitive
conclusions regarding the impact of pacing strategy on left ven-
tricular hemodynamics to be drawn.

4.2 | Conclusion

The acute effects of AH-sequential or AV-sequential pacing
are not superior to atrial pacing in patients with asymptomatic
1°AVB. In spite of relatively pronounced PR prolongation during
atrial pacing, LVEF and LVEDV were not significantly perturbed.
Normalizing atrioventricular and/or inter-ventricular dyssyn-
chrony did not result in acute improvements in cardiac output or
loading conditions.
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