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Abstract

Introduction—Phrenic nerve (PN) stimulation (PNS) frequently limits cardiac resynchronization
therapy (CRT). Yet, pacing strategies to minimize PNS have not been systematically compared.
We propose to: 1) compare different pacing strategies to minimize PNS in CRT and 2) evaluate
differences between PN and left ventricular (LV) capture thresholds among LV pacing
configurations.

Methods and Results—PN and LV thresholds were obtained using 6 LV configurations in 28
patients with any PNS during CRT implantation or replacement. Incidence of PNS was compared
in all LV configurations by programming pacing output to 1) One Volt above LV threshold, 2)
triple pulse width (PW) at LV threshold, and 3) 1.5 times LV threshold for each patient. PN
thresholds and PN strength-duration curves were statistically different between configurations
(P<0.05). Ring—RV e and Ring—Can had the largest difference between PN and LV thresholds.
Pacing output programmed to 1.5 times LV threshold, 1 Volt above LV threshold and triple PW at
LV threshold had similar probability of PNS between LV configurations. However, 1 volt above
LV threshold and triple PW at LV threshold frequently resulted in poor (<30%) LV capture safety
margin (14-43% and 53-68%, respectively). Freedom from PNS (programmed output at twice LV
threshold) was found in 88%, 84% and 52% with 6, 3, or 2 available LV configurations,
respectively.

Conclusion—Multiple LV pacing configurations marginally increase the probability of avoiding
PNS by electronic reprogramming. Pacing output programmed to 1.5 times LV threshold is an
additional alternative to minimize PNS when electronic reprogramming options are limited.
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Introduction

Methods

Phrenic nerve stimulation (PNS) occurs in approximately 15% of patients with cardiac
resynchronization therapy (CRT) therapy and can limit biventricular pacing. In the
presence of a bipolar lead in the coronary sinus, electronic programming of 6 different left
ventricular (LV) pacing configurations or vectors is possible. Prior studies comparing PNS
in different pacing configurations have only reported voltage thresholds2=5. However, LV
thresholds comparing energy or delivered current, are more accurate than voltage for LV
pacing due to significant impedance differences between LV pacing configurations®. Since
LV threshold may vary significantly with time and clinical circumstances, pacing output is
traditionally programmed to twice the LV voltage threshold to allow 100% LV capture
safety margin’. However, such programming is not always feasible in the presence of
PNS? 3. Various pacing strategies have been proposed to minimize PNS3: 4 8, Al these
pacing strategies use a lower pacing output as a common approach to minimize PNS;
however, their effect on LV capture safety margin have not been studied. The main
objectives of our study are to: a) compare 1.5 times LV threshold pacing strategy (50% LV
capture safety margin) with other proposed strategies (1 Volt above LV threshold and
tripling pulse width at LV threshold) to minimize PNS in CRT, b) assess the value of
multiple LV configurations in overcoming PNS, and c) evaluate the difference between LV
and PN thresholds between LV pacing configurations.

This prospective study included consecutive patients scheduled to undergo a new LV lead
implant or generator replacement of a CRT device at the McGuire Veterans Affairs Medical
Center. Patients were only included if PNS was present peri-operatively in at least one of 6
LV pacing configurations at maximum pacing output (10V at 1.5ms). In order to compare
all 6 configurations, patients with a unipolar LV lead or surgically-implanted epicardial LV
lead were excluded. The LV lead was positioned to target the lateral LV wall and the pacing
protocol was performed only at the first LV lead position deemed appropriate based on
cardiac venous anatomy in RAO and LAO fluoroscopic views. All patients underwent a PN
and LV pacing protocol described below.

We hypothesized that: 1) PN thresholds are significantly different between LV pacing
configurations, 2) LV safety margin may be compromised with previously described pacing
strategies® 4 8 to minimize PNS, and 3) the availability of multiple pacing configurations
would help avoid PNS.

Pacing protocol

All patients underwent a pacing protocol intra-operatively using a stimulator (Biotronik
Model 3105, GmbH & Co. Berlin, Germany, 5.5F capacitance) with VVI pacing at a rate
of 100 bpm. PN and LV voltage rheobase (pulse width of 1.5ms) and chronaxie (C) were
measured in each patient using the following six pacing configurations: 1) tip (=) to ring (+)
(Tip—Ring), 2) ring (=) to tip (+) (Ring—Tip), 3) tip (-) to RV coil (+) (Tip—RVil), 4)
tip (=) to can (+) (Tip—Can), 5) ring (=) to RV coil (+) (Ring—RVjj) and 6) ring (<) to
can (+) (Ring—Can). In addition, voltage LV threshold at 0.4ms was obtained in all
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configurations. A continuous 12-lead ECG was monitored to assure LV capture and exclude
RV cathodal capture during pacing protocol.

Rheobase voltage for PN and LV was determined in each configuration at fixed PW of
1.5ms by increasing stimulus voltage from 0.5V in increments of 0.1-0.5V. Rheobase
voltage for PN threshold and LV threshold were defined as the lowest voltage that resulted
in any PNS (regardless of severity and duration) and 100% LV capture throughout at least 3
normal respiratory cycles (inspiration and expiration), respectively. PN and LV chronaxie for
each pacing configuration was obtained at twice PN or LV rheobase voltage (fixed voltage),
respectively, increasing PW in 0.1ms increments until capture. PN and LV chronaxie was
defined as the shortest pulse duration that resulted in any PNS or 100% LV capture,
respectively.

The following parameters were calculated for all 6 LV pacing configuration in each patient:
1) pacing energy (mJ) at PN and LV thresholds at 0.4ms; 2) voltage and energy strength-
duration curves for PN and LV capture; and 3) difference between PN and LV thresholds
(PN threshold - LV threshold difference). Delivered energy (E) was calculated by the
formula: E= V2/R x PW, where V is voltage, R is impedance and PW is pulse width of
pacing impulse’. PN and LV voltage strength-duration curve for all 6 pacing configurations
were constructed using Lapicque’s formula’: V(t) = V, (1 + C/t), where V(1) is the threshold
stimulus voltage at pulse duration (t), V, is the voltage rheobase, and C is the chronaxie’.

The prevalence of PNS was assessed in each LV pacing configuration at maximum pacing
output (10V at 1.5ms) regardless of LV threshold. The probability of PNS (defined as LV
threshold/PN threshold > 1) was calculated based on a programmed LV pacing output at
twice LV threshold at 0.4ms (LV threshold x 2) that provides 100% LV capture safety
margin. Similarly, the probability of PNS and LV capture safety margin were estimated
according to two previously published pacing strategies to minimize PNS: 1) 1V above LV
threshold (LV threshold+1V) and 2) tripling pulse width (PW) at LV threshold

(0.4ms) 3.4.8.9 (Figure 1). LV capture safety margin for a specific programmed LV pacing
output was calculated by formula, LV capture safety margin (%) = (LV pacing output — LV
threshold)/LV threshold. In addition, we estimated the probability of PNS with pacing
output programmed to: 1) 1.5 times LV threshold at 0.4ms (LV threshold x 1.5) and 2) LV
threshold at 0.4ms (pacing output equal to LV threshold) (Figure 1). Finally, we estimated
the probability of overcoming PNS with the availability of 2 (Tip—RVej; and Tip—Ring),
3 (Tip—RVil, Tip—Ring and Ring—RVj) or 6 LV pacing configurations based on the
different pacing strategies described above.

Statistical analysis

Continuous variables were expressed as mean £ SEM and group means were compared
using a two-tailed unpaired Student’s t tests. Categorical variables were compared using
either a Chi-square test or, where appropriate, Fisher’s Exact test. Ordinal variables were
compared using a non-parametric Wilcoxon Rank-sum (Mann-Whitney U) test. One-way
and two-way repeated measures ANOVA compared the differences in pacing impedances,
minimal threshold energy, voltage, energy, current drain and density at phrenic nerve and
LV threshold at 1.5ms and 0.4ms between LV pacing configurations. If the repeated
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measures ANOVA indicated a significant difference (P<0.05) between LV pacing
configurations, a Bonferroni multiple comparison corrections was performed to identify
individual differences between LV configurations. A p value <0.05 was considered
significant. Statistical analysis was performed using SAS/STAT® Software (SAS Institute,
Inc. Cary, NC).

Results

Fifty-two consecutive patients participated in the study. Three patients did not complete the
LV pacing protocol due to hemodynamic instability or recurrent VT during the pacing
protocols. Twenty-one patients lacked PNS in any pacing configuration at maximum pacing
output (10V at 1.5ms) and were excluded from analysis. The remaining 28 patients (57%)
manifested PNS in at least one pacing configuration and were included for analysis. Patient
demographics and LV lead characteristics are shown in Supplemental table 1.

Voltage and delivered energy at phrenic nerve thresholds

PN threshold (0.4ms) and strength-duration curves (conveyed in voltage and delivered
energy) were significantly different between LV pacing vectors (Table 1, Figure 2). Overall,
voltage and delivered energy at PN threshold were lower in the configurations using the tip
electrode as cathode (Tip—RVqj Tip—Can and Tip—Ring configurations, Table 1 and
Figure 2). Ring—Can configuration had significantly higher delivered energy at PN
threshold (0.4ms) when compared to Tip—Ring configuration (Table 1).

Difference between PN and LV thresholds

The PN threshold-LV threshold difference at 0.4ms and strength-duration curve differences
between PN and LV thresholds (conveyed in voltage and energy; Table 1 and Figure 3,
respectively) were significantly different between pacing configurations. Overall, voltage
and energy PN threshold-LV threshold difference were higher in Ring—RV ¢ and
Ring—Can configurations (Table 1, Figure 3).

Prevalence of phrenic nerve stimulation

The prevalence of PNS at maximum output (10 volts at 1.5ms) or at LV threshold was not
statistically different between pacing configurations (Supplemental Table 2).

Probability of PNS between different pacing strategies

A trend towards lower probability of PNS was noted if pacing output was programmed at
1.5 times LV threshold, LV threshold+1V and triple PW of LV threshold when compared to
the traditional twice LV threshold (100% LV capture safety margin) (Supplemental Table
2). Regardless of the programmed pacing strategy to minimize PNS, the probability of PNS
remained lower in Ring—Can and Ring—RV ;| configurations. The LV threshold+1V
strategy had a wide range of LV capture safety margin (10 — 350%). In contrast to the 1.5
times LV threshold pacing strategy (providing a 50% LV capture safety margin), a
programmed pacing output strategy of LV threshold+1V and triple PW at LV threshold
frequently demonstrated poor (<30%) LV capture safety margin (range within various
configurations of 14-42% and 53-68%, respectively; Table 2).
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Avoiding phrenic nerve stimulation based on availability of 2, 3 or 6 LV pacing
configurations

The probability of avoiding PNS (lack of PNS in at least one pacing configuration) at
maximum output (10V at 1.5ms) and twice LV threshold at 0.4ms (100% LV capture safety
margin) were 21% and 56%, 50% and 84%, and 57% and 88% in 2 (Tip—RVjj and Tip-
Ring), 3 (Tip—RVil, Tip-Ring and Ring—RV ;) or 6 available LV pacing
configurations, respectively (Table 3). The availability of 6 versus 3 pacing configurations
avoided PNS in one patient only, based solely on the lack of PN capture on the Ring—Can
configuration with a pacing output programmed at twice LV threshold at 0.4ms (LV
threshold x 2).

Discussion

PNS is frequently reported (33-37%) and clinically relevant in 3-26% of patients
undergoing CRT implantationl~4 10-12 |t js estimated that up to 5% of all patients with
CRT devices undergo repeat surgery for PNS, and at least 1-2% have their LV lead
deactivated due to PNS 3.9, Electronic reprogramming has been an important tool to
minimize PNS without compromising the efficacy of CRT1-3.5, Ideally, a given LV pacing
configuration should have a low LV threshold without PNS and/or large PN threshold-LV
threshold difference in order to allow program pacing output at twice LV threshold (ideal
100% LV capture safety margin). However, pacing output programmed to twice LV
threshold is achieved in only a small percentage of patients with PNSL: 3. If pacing output at
twice LV threshold is not feasible due to PNS, alternative strategies! 89 have been
proposed, such as reprogramming LV pacing output to: a) 1 Volt above LV threshold (LV
threshold+1V), or b) tripling the PW at the LV threshold obtained at 0.4ms. Until now, the
effects these pacing strategies on LV capture safety margin has not been studied.
Additionally, we investigated an alternative strategy to minimize PNS by programming
pacing output to 1.5 times LV threshold (LV threshold x 1.5 at 0.4ms,), while maintaining a
constant 50% LV capture safety margin.

Our main findings include: a) voltage and energy PN thresholds and strength-duration
curves demonstrate statistical difference between LV pacing configurations; b) Ring—Can
and Ring—RV ;) configurations are least likely to have PNS since they have the highest PN
threshold and largest PN threshold-LV threshold difference; ¢) LV output programmed at
1.5 times LV threshold and 1 V above LV threshold are appropriate alternatives to eliminate
PNS when twice LV threshold (providing 100% LV capture safety margin) is not possible;
however, a pacing output at 1V above LV threshold has frequently a borderline and
unacceptably wide range of LV capture safety margin depending on LV threshold; d) LV
output programmed at triple PW at LV threshold can similarly avoid PNS, at the expense of
an unacceptably low (<30%) LV capture safety margin despite higher energy delivered; and
e) multiple LV pacing configurations marginally increase the probability of avoiding PNS
by electronic reprogramming.
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Phrenic nerve thresholds and difference with LV thresholds between LV configurations

Few studies have compared PN voltage thresholds in different LV pacing configurations?.
We have previously shown that voltage thresholds cannot be equally compared between LV
pacing configurations due to significant impedance differences between lead
configurations® 7. Our study expands on this principle, as we compared voltage and energy
of PN threshold in all 6 configurations in the same patient, which corroborates that
Tip—Ring has a low energy PN threshold despite a high voltage PN threshold, as previously
reported?.

Two studies reported that Ring—RV i and Tip—Ring had a significantly higher PN
voltage threshold compared to Tip—RV¢j % . These studies included devices with only 3
available pacing configurations. Our study expands current literature with a) threshold
energy data and b) analysis of 6 LV pacing configurations. We found that Ring—RVj and
Ring—Can had the highest voltage and energy at PN threshold and the largest PN threshold
- LV threshold difference, whereas Tip—Can and Tip—Ring configurations had the lowest
voltage and energy at PN threshold and the lowest PN threshold — LV threshold difference
(Table 1, Figure 2 and 3). These findings suggest that Tip—Can and Tip—Ring
configurations are more likely to have PNS, whereas Ring—Can and Ring—RV ;) are less
likely to have PNS. The most probable explanation for this finding is the more apical course
of the PN and the closer physical location to the tip electrode position3.

Our study was performed peri-operatively in the supine position only. PN threshold and PN
threshold — LV threshold difference can vary with position®. Thus, these findings may not
apply to other postures. Unfortunately, limited programmability of LV pacing
configurations, as well as a limited amplitude and time (pulse width) programmability from
different device manufacturers obligated us to perform this study intra-operatively.

Avoiding phrenic nerve stimulation

Consistent with our findings (Supplemental Table 2), Champagne et al? failed to
demonstrate a statistically significant difference in the prevalence of PNS among all 6 LV
pacing configurations. Our study is unique in that we had a priori knowledge of existence of
PNS in all our patients. Despite such knowledge, our results demonstrate minimal
incremental benefit with the availability of 6 versus 3 LV pacing configurations (Table 3).
However, one could posit a situation where the availability of a particular configuration is
necessary to achieve a satisfactory clinical result from CRT in the presence of PNS. Based
on our data, these situations would be predicted to be very rare.

Based on our results, we propose a strategy to minimize PNS by programming a pacing
output to 1.5 times LV threshold (LV threshold x 1.5; provides a 50% LV capture safety
margin) as the best compromise between eliminating PNS and maintaining an acceptable
LV capture safety margin when PNS is present at ideal twice LV threshold (100% LV
capture safety margin). We propose this pacing strategy because delivered energy (E)
doubles when pacing output is programmed at 1.5 times LV threshold, since E is a factor of
a squared voltage (E=VZ/R x PW, where V is voltage, R is impedance, PW is pulse width of
pacing impulse). Our findings support that a pacing output programmed at triple PW at LV
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threshold may be an alternative to minimize PNS; however, this strategy provides only
minimal LV capture safety above LV threshold at markedly higher energy cost (higher E
compared to pacing output of 1.5 times LV threshold near chronaxie). Similarly, a pacing
output programmed to 1 Volt above LV threshold is not an ideal strategy to eliminate PNS
due to a frequently variable and marginal LV capture safety depending on baseline LV
threshold (Table 2). Supplemental Figure 1 illustrates an example of the marginal and
variable LV capture safety margin by these pacing strategies.

1. The pacing stimulator had a maximum output of 10V. We cannot exclude some
pacing configurations could have PNS at higher pacing outputs.

2. Our study included 5 different LV lead types; therefore, our conclusions may not
apply to all LV leads. There are differences in the surface area of the LV lead tip
and right ventricular coil depending on the manufacturer.

3. Pacing protocol was performed primarily in fluoroscopically “ideal” lead positions,
but not necessarily the final LV lead position.

Conclusions

Voltage and energy PN thresholds and PN threshold strength-duration curves demonstrate
statistical difference between LV pacing configurations. Ring—Can and Ring—RV; are
the preferred configurations to avoid PNS during LV pacing since they have the highest PN
threshold and the largest PN-LV threshold difference. If an ideal pacing output programmed
to twice LV threshold (providing 100% LV capture safety margin) is not feasible due to
PNS, a pacing output strategy of 1.5 times LV threshold (providing a 50% LV capture safety
margin) is an additional alternative to LV threshold + 1V or tripling pulse width at LV
threshold. However, LV threshold + 1V may have substantial variability in LV capture
safety margin (depending on baseline LV threshold), whereas tripling pulse width of LV
threshold frequently compromises LV capture safety margin (< 30%) despite a substantial
increase in delivered energy. Electronic reprogramming with multiple LV pacing
configurations marginally increases the probability of avoiding PNS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard abbreviations

PN
PNS
CRT
LV
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Figure 1.
Pacing output strategies compared to minimize phrenic nerve stimulation (PNS). Pacing

output is programmed to LV threshold at 0.4ms: (a) plus 1 Volt (LV threshold +1V), (b)
multiplied by 2 (LV threshold x 2), (c) multiplied by 1.5 (LV threshold x 1.5), or (d) LV
output is left at LV threshold but pulse width (PW) is tripled (PW x 3 at LV threshold), PNS
will be present above phrenic nerve (PN, solid) strength duration curve, whereas LV capture
will be absent below LV (dashed) strength duration curve.
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PN voltage (A) and Energy (B) strength-duration curves in all 6 LV pacing configurations.
Details of the analysis in Supplemental Material.
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of the analysis in Supplemental Material.
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Huizar et al.

Proportion of patients with poor (<30%) LV capture safety margin (LVSM) with different pacing strategies

Table 2

(LV threshold +1V and triple PW at LV threshold, 0.4ms). PW, pulse width.

LV Pacing Configurations

Pacing output at LV threshold + 1 Volt
% patients LVSM < 30%

Pacing output at triple PW (1.2ms) at LV threshold
% patients LVSM < 30%

Tip—RV i
Tip—Can
Tip—Ring
Ring—RV i
Ring—Can

Ring—Tip

21%
25%
42%
14%
14%
42%

67%
53%
61%
68%
64%
68%

Note: LV capture safety margin refers to the relationship between LV pacing output and LV threshold (see methods for details calculating LVSM).
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Table 3

Lack of phrenic nerve stimulation (no PNS in at least one configuration) at different programmed LV pacing
outputs based on the number of configurations available.

Phrenic Nerve stimulation ~ Tip—=RVj & Tip—Ring  Tip—RV i, Ring—=RV,; & Tip—Ring  All 6 vectors

Max output (10V, 1.5ms) 21% 50 % 57 %
100% LVSM (LVtx2, 0.4ms) 56 % 84 % 88 %
50% LVSM (LVt x1.5, 0.4ms) 68 % 96 % 96 %
LVt + 1V (0.4ms) 64 % 96 % 100 %

Triple PW of LVt (1.2ms) 68 % 96 % 100 %

No LVSM (0.4ms) 80 % 96 % 100 %

LVt, LV threshold; LVSM, LV capture safety margin.
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