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The benefit of cardiac resynchronization therapy in patients supported by a left ventricu-
lar assist device (LVAD) is unknown. There are currently no guidelines regarding the con-
tinuation, discontinuation or pacemaker (PM) settings post-LVAD implant. The aim of the
study was to assess the hemodynamic benefit of biventricular (BiV) pacing in LVAD
patients. We studied 22 patients supported by LVADs (age 62 + 9, 21 males) who had
received a BiV PM before LVAD implant. A total of 123 complete sets of hemodynamics
were obtained during BiV pacing (n=54), right ventricular (RV) pacing (n=54), and
intrinsic rhythm (n = 15).

There were no significant differences in right atrial (RA) pressure, mean pulmonary
artery pressure (mPA), PCWP, cardiac output, PA saturation (PASat) and right ventric-
ular stroke work index between BiV and RV pacing. Hemodynamics obtained during
intrinsic rhythm in 15 non—PM-dependent patients were not significantly different com-
pared with those obtained during BiV or RV pacing. Furthermore, hemodynamics were
similar at different heart rates ranging 50 to 110 beats/min. Right ventricular stroke
work index was significantly lower at the highest heart rate compared with baseline and
lowest heart rates suggesting decreased RV performance at higher heart rate. In conclu-
sion, BiV pacing does not have any acute hemodynamic benefit compared with RV pac-
ing or intrinsic rhythm in LVAD patients. A lower heart rate may confer better RV

performance. © 2018 Elsevier Inc. All rights reserved. (Am J Cardiol 2019;123:93—99)

Cardiac resynchronization therapy (CRT) is a very effec-
tive treatment for patients with systolic left ventricular (LV)
heart failure (HF) and a left bundle branch block (LBBB).'
The role of CRT is to synchronize LV myocardial contrac-
tion and improve LV function which is usually accom-
plished through biventricular (BiV) pacing but triple or
multisite pacing has been used successfully in selected
patients.” " It is widely accepted that approximately 2/3 of
patients respond to CRT and 1/3 have no benefit or may
have worsening or refractory HF. Continuous flow left ven-
tricular assist devices (CF-LVAD) are implanted in care-
fully selected patients with end stage heart failure who
have failed guideline directed medical treatment including
CRT. Thus, many patients have CRT devices in place at the
time of LVAD implant. At present there is no clear evi-
dence base to guide physicians in the optimized use of
pacemakers after LVAD implantation.” Available reports
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suggesting benefit or harm in continuing or initiating CRT
post-CF-LVAD are conflicting and based on retrospective
studies and case reports.””'” To our knowledge, a prospec-
tive trial to assess the role for CRT in LVAD patients has
not been performed.

The primary objective of this study was to better under-
stand the physiological effects of different pacing strategies
in patients with CF-LVADs. We evaluated the acute hemo-
dynamic effects of BiV pacing compared with right ventric-
ular (RV) pacing and no pacing (when possible) in stable
LVAD patients. The secondary aim was to assess the effect
of BiV and RV pacing on hemodynamics at different heart
rates (HR). We hypothesized no significant difference in
hemodynamics between BiV and RV pacing. Based on the
evidence and knowledge at the time the study was designed,
we expected improved cardiac output (CO) with BiV and
RV pacing at higher heart rates.

Methods

This was a cross-sectional nonrandomized trial con-
ducted in the cardiac catheterization laboratory at the Uni-
versity of Iowa Hospital. Twenty-two patients with
functioning BiV pacemaker (PM) supported by a Heart
Mate I (HM2) or Heart Mate III (HM3) CF-LVAD as
bridge to transplantation (BTT) or destination therapy (DT)
were enrolled. Patients served as their own controls. The
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study protocol was approved by the University of Iowa
Institutional Review Board.

All patients underwent a standard right heart catheteriza-
tion (RHC). Vitals including HR, blood pressure, and arte-
rial oxygenation were monitored according to
catheterization laboratory protocol. An automatic high
fidelity sphygmomanometer cuff was used to record blood
pressure. In addition, a PM programmer and telemetry were
used to continuously monitor the cardiac rhythm and rate
and make PM adjustments. An electrophysiologist and a
heart failure attending were present to make PM changes
and obtain hemodynamic measurements and study-related
data. A complete set of hemodynamic parameters was first
obtained during BiV pacing at the presenting HR. Measure-
ments were taken during end expiration and included right
atrial (RA) pressure, systolic and diastolic RV pressures,
systolic and diastolic pulmonary artery (PA) pressures, pul-
monary capillary wedge pressure, PA oxygen saturation,
CO measured by Fick and thermodilution methods. LVAD
parameters (flow, power, and pulsatility index) and blood
pressure were recorded with each set of hemodynamics.
After baseline hemodynamics were obtained, the coronary
sinus (CS) lead pacing was turned off and a second com-
plete set of hemodynamics was obtained during RV pacing.
One patient receiving RV pacing only (due to previous
issues with ventricular tachycardia related to CS lead pac-
ing) had hemodynamics during RV pacing first followed by
BiV pacing. For patients who were not pacemaker (PM)
dependent, a complete set of hemodynamics was also
obtained during intrinsic rhythm.

To further assess the effect of HR and ventricular pacing
on CO and RV performance, additional hemodynamics
were measured at HRs ranging from 50 to 110 beats/min
during both BiV and RV pacing. The pacing protocol was
different in PM versus non—PM-dependent patients
depending on the cardiac rhythm/rate and level of conduc-
tion abnormalities, as follows.

For non—PM-dependent patients (n=15), after the ini-
tial hemodynamic measurements during BiV pacing, RV
pacing and no pacing, additional hemodynamics were
obtained at pacing rates higher than intrinsic heart rate
ranging from intrinsic rate to as high as 110 beats/min. This
was accomplished through atrioventricular (AV) sequential
pacing for 9 patients in sinus rhythm (SR) and through ven-
tricular pacing for 6 patients in atrial fibrillation (AF).

All PM-dependent patients (n=7) had complete AV
block, 6 with underlying AF and 1 in SR. For AF patients,
after the initial hemodynamic measurements during BiV and
RV pacing at the presenting HR, additional hemodynamics
were obtained at pacing rates ranging from 50 to 110 beats/
min through ventricular pacing (BiV and RV pacing). For 1
patient in SR, the additional BiV and RV hemodynamics
were obtained at pacing rates higher than intrinsic atrial rate
through AV sequential pacing. For PM-dependent patients,
the protocol was initially designed to obtain hemodynamics
at 70, 90, and 110 beats/min. Since no change was observed
in the first 3 subjects in the 70 to 110 beats/min range, we
decided to broaden the pacing range from 70 to 110 through
50 to 110 beats/min. Thus, 3 patients had hemodynamic
measurements at 70, 90, and 110 beats/min and 3 patients
had measurements at 50, 80, and 110 beats/min.

After changing each pacing mode, a period of 3 minutes
was allowed for hemodynamic stabilization before obtain-
ing the next set of hemodynamic measurements.

Data are presented as mean =+ standard deviation
(SD), median (range) or number (%). A paired Student’s
t test was used to compare continuous variables. Analy-
sis of variance was used to compare the 3 groups in
Table 3. A nominal 2-sided p value <0.05 defined sta-
tistical significance.

Results

A total of 123 complete sets of hemodynamics were
obtained in 22 patients (21 males, 1 female, mean age 62 +
9 years) supported by either a HM2 (n=20) or a HM3
(n=2) CF-LVAD. Table 1 lists individual baseline clinical
characteristics and hemodynamics during BiV pacing at
presenting HR: 15 non—PM-dependent patients (1 to 15)
and 7 PM dependent (16 to 22). Ten AF patients were post-
atrioventricular node (AVN) ablation of whom 6 were PM
dependent whereas 4 were not due to the presence of a junc-
tional escape rhythm (9, 10, 13, and 14). Patient 18 was in
SR but PM dependent due to AVN ablation before LVAD
implant for uncontrolled AF. Past medical history was also
significant for: hypertension in 45% of patients, diabetes
(59%), ischemic CMP (50%). Severe RV systolic dysfunc-
tion requiring inotropic support was present in 4 patients
9, 16, 17, and 20). Patients were treated with common HF
medications: ACE inhibitor in 73% of patients, beta blocker
(50%), aldosterone-receptor blocker (36%), loop diuretic
(77%), and sildenafil (41%).

The median time from BiV PM to LVAD implant was
1.2 years (range 0.1 to 6.3 years) and the median time from
LVAD implant to enrollment was 0.5 years (range 0.1 to
5.4 years). Response to CRT before LVAD was determined
based on the review of cardiology notes: 12 patients had
been documented as nonresponders before LVAD implant
and 2 as partial responders, whereas in 8 patients the CRT
response could not be determined.

None of the 22 patients had a significant hemodynamic
change when transitioned from BiV to RV pacing. We
listed individual hemodynamics during BiV and RV pacing
in Tables 1 and 2 as well as mean hemodynamic values
with statistics in Table 3. Hemodynamics were also similar
during intrinsic thythm in 14 non—PM-dependent patients
despite significantly lower HR (70 £ 17 vs 81 £ 9,
p=0.01). We did observe a mild decrease in CO and PA
saturation during intrinsic rhythm in 1 non—PM-dependent
patient who was tested during a slow junctional escape
rhythm (patient 10). However, this particular non—PM-
dependent patient had a previous AVN ablation for persis-
tent AF and was tested during a slow junctional escape
rhythm of around 40 beats/min.

Finally, we measured hemodynamics during BiV and
RV pacing at different HRs ranging from 50 to 110
beats/min according to the pacing protocol described in
the method section. Thus, 11 patients were tested at 3
different HRs and 10 patients at 2 different HRs. One
patient with baseline sinus tachycardia of around 106
beats/min (patient 2) was only tested at the presenting
rate (BiV, RV, and intrinsic rhythm). We did not
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Table 1
Baseline characteristics and hemodynamics during BiV pacing at baseline heart rate

Baseline characteristics Hemodynamics during BiV pacing at baseline HR
Pt PM Dep Age AVN Rhythm LBBB Speed HR CVP mPA PCWP CO CI PA Sat
1 No 36 No SR Yes 8800 75 16 31 28 5.4 2.1 65
2 No 53 No SR Yes 8800 106 17 35 15 5.8 3.0 52
3 No 53 No AF Yes 9200 70 8 19 8 43 1.9 64
4 No 56 No SR Yes 8800 80 15 26 20 4.9 2.5 66
5 No 56 No SR Yes 9200 75 7 20 6 5.4 2.5 66
6 No 58 No SR Yes 9400 82 13 36 26 6.7 3.4 59
7 No 59 No SR No 8800 90 4 18 5 3.8 1.8 56
8 No 59 No AF Yes 9000 72 22 42 27 5.7 2.5 57
9 No 61 yes AF* Yes 5400 80 16 32 22 5.0 2.5 56
10 No 61 yes AF* No 9000 80 14 31 16 6.3 3.0 61
11 No 64 No SR Yes 9000 90 9 26 11 6.6 33 44
12 No 69 No AF Yes 9000 68 23 43 20 5.0 2.3 51
13 No 70 yes AF* Yes 9600 80 5 19 13 53 2.5 73
14 No 76 yes AF* No 9000 90 13 23 14 45 2.4 48
15 No 71 No SR Yes 8800 76 15 23 18 3.7 1.7 60
16 Yes 51 yes AF Yes 5400 80 26 35 20 4.4 2.1 48
17 Yes 59 yes AF No 9200 80 16 27 13 44 22 64
18 Yes 62 yes SR No 9000 70 9 21 18 6.7 2.9 58
19 Yes 65 yes AF Yes 8800 72 9 23 12 7.7 35 73
20 Yes 68 yes AF No 9800 70 25 34 26 5.8 3.1 57
21 Yes 72 yes AF No 9200 70 8 18 10 4.7 22 59
22 Yes 74 yes AF No 9600 80 11 18 9 5.0 2.4 54

Pt = patient; PM = pacemaker; AVN = atrioventricular node; LBBB =left bundle branch block; HR =heart rate (bpm); CVP =central venous pressure;
mPA =mean pulmonary artery pressure; PCWP = pulmonary capillary artery pressure; CO = cardiac output (L/min); CI = cardiac index (L/min/m?); PASat =
pulmonary artery oxygen saturation (%). All pressures measured in mm Hg, SR =sinus rhythm; AF = atrial fibrillation, *AF with complete AVB and junc-

tional escape rhythm.

Table 2

Individual hemodynamics during RV pacing (presenting HR) and intrinsic rhythm

RV pacing at presenting HR

Intrinsic rhythm

Pt HR CVP mPA PCWP CcO CI PASat HR CVP mPA PCWP Cco CI PA Sat
1 75 14 32 24 4.7 1.9 66 75 14 33 26 52 2.0 69
2 106 17 34 15 5.4 2.8 55 106 17 37 14 5.7 29 57
3 70 8 19 10 43 1.9 61 48 9 21 9 42 1.8 56
4 80 16 26 21 53 2.7 67 80 15 25 20 53 2.7 65
5 75 7 19 7 5.5 2.6 64 75 8 20 7 53 2.5 66
6 82 12 36 27 6.9 35 59 82 13 36 27 7.3 3.7 61
7 90 2 13 8 3.8 1.8 57 87 1 12 2 35 1.7 53
8 72 23 40 26 5.0 2.2 60 72 20 36 20 5.8 2.6 60
9 80 16 32 17 4.8 2.4 61 53 15 34 23 4.5 22 56
10 80 15 30 18 55 2.6 61 40 17 25 16 3.6 1.7 50
11 90 9 27 11 6.5 32 49 85 8 27 13 6.7 33 43
12 70 22 42 20 45 2.1 52 68 22 38 18 4.6 2.1 49
13 80 6 16 14 53 2.5 73 50 4 16 16 53 2.5 73
14 90 13 23 15 3.8 2.1 45 55 14 19 11 4.0 22 39
15 76 16 20 19 3.9 1.8 59 74 14 22 17 38 1.8 58
16 80 27 35 20 5.1 2.4 49

17 80 16 26 12 4.6 2.3 64

18 70 9 29 19 6.0 2.6 58

19 70 12 24 12 73 33 70

20 70 24 35 28 6.2 33 58

21 70 7 17 9 3.8 1.8 59

22 80 11 21 12 5.0 2.4 54

Pt = patient; HR = heart rate (bpm); CVP = central venous pressure; mPA = mean pulmonary artery pressure; PCWP = pulmonary capillary artery pressure;

CO = cardiac output (L/min); CI = cardiac index (L/min/m?); PASat = pulmonary artery oxygen saturation (%). All pressures measured in mm Hg.
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Table 3

Hemodynamics during BiV and RV pacing at baseline (presenting HR) in all patients and during intrinsic rhythm compared with BiV and RV Pacing in 15

non-PM-dependent patients

Parameter Hemodynamics at presenting HR Hemodynamics during intrinsic rhythm compared with BiV
in all enrolled patients (n =22) and RV pacing at presenting HR (n = 15)

BiV (n=22) RV (n=22) BiV (n=15) RV (n=15) Intrinsic (n-15) p
HR, bpm 7948 7948 8149 8149 70+17 0.01*
CVP (mm Hg) 1446 1446 13£5 13+6 13+6 ns
Mean PA (mm Hg) 2748 27+7 28+8 2749 27+8 ns
PCWP, (mm Hg) 16+7 17+6 177 17+6 16+7 ns
CO(TD), L/min 5.3+1 5.1+1 5.240.9 5.0+0.9 5.0£1.1 ns
CI(TD), L/min/m> 2.540.5 2.440.5 2.5+0.5 2.440.5 2.440.6 ns
PA Sat (%) 58.5+8 59.2+7 58.6+7.7 59.4+7.2 56.9+£9.2 ns
RVSWI 4494200 4294207 4854207 4364221 4954239 ns

BiV =biventricular; RV =right ventricular; HR =heart rate; RA =right atrium; PA = pulmonary artery; PCWP = pulmonary capillary artery pressure;
CO = cardiac output; CI = cardiac index; TD = thermodilution; RVSWI = right ventricular stroke work index in (mm Hg x mL/min x m? x bpm).
* P value significance between intrinsic rhythm compared to BiV and RV pacing.

observe clinically significant differences in hemodynam-
ics when the pacing rate was increased or decreased in
any of the 21 patients tested at 2 or 3 HRs. Hemody-
namics during BiV and RV pacing at the presenting
HR, lowest tested HR (intrinsic or paced) and highest
tested HR, are shown in Figures 1 and 2.

We calculated the right ventricular stroke work index
(RVSWI) = (mPA — CVP) x CI/HR as a measure of RV per-
formance and found that RVSWI was significantly lower at
the highest HR (110 beats/min) compared with the presenting
HR (78 beats/min) during both BiV pacing (354 + 146 vs 450
£ 205, p=0.001) and RV pacing (363 £ 146 vs 430 £ 208,

p=0.01). RVSWI at the lowest HR was higher than the
RVSWI at the highest HR and not significantly different com-
pared with baseline (presenting) HR (Figure 3).

LVAD parameters (flow, power, and pulsatility index)
have not significantly changed during the study for either
HM2 or HM3 patients.

Discussion

In this prospective study, we found no difference in hemody-
namics between BiV and RV pacing in CF-LVAD supported

Hemodynamics during biventricular pacing at
presenting, lowestand highest HRs (n=21)
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Figure 1. Hemodynamics during biventricular pacing at presenting, lowest, and highest HRs (n = 1). (HR = heart rate (beats/min); PASat = pulmonary artery
oxygen saturation (%); mPA = mean pulmonary artery pressure; CVP = central venous pressure; CO = cardiac output; PCWP = pulmonary capillary artery
pressure. All pressures measured in mm Hg.)
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Hemodynamics during right ventricular pacing at
presenting, lowestand highest HRs (n=21)
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Figure 2. Hemodynamics during right ventricular pacing at presenting, lowest and highest HRs (n=21). (HR =heart rate (beats/min); PASat = pulmonary
artery oxygen saturation (%); mPA = mean pulmonary artery pressure; CVP =central venous pressure; CO = cardiac output; PCWP = pulmonary capillary

artery pressure. All pressures measured in mm Hg.)

patients who had previously failed CRT. Hemodynamics was
also similar during intrinsic thythm in 14 of 15 non—PM-
dependent patients. Only 1 patient had a mild decrease in CO
during intrinsic rhythm but this patient was post-AVN ablation
for persistent AF and was tested during a slow unreliable junc-
tional escape rhythm around 40 beats/min.

BiV pacing was found to be superior to conventional RV
pacing in non-LVAD patients with atrioventricular block
(AVB) and LV systolic dysfunction.'* We did not see any
acute hemodynamic benefit for BiV over RV pacing in our
cfLVAD patients with complete AVB (50% of our
patients). We have further showed that patients supported
by a CF-LVAD have no significant change in CO, PA satu-
ration, and filling pressures at HRs ranging from 50 to 110
beats/min.

We can confidently conclude from our data that there
is no acute hemodynamic benefit for BiV pacing over
RV pacing. There was also no hemodynamic advantage
for ventricular pacing (whether BiV or RV) over intrin-
sic rthythm if the intrinsic rate was in the physiologic
range (50 to 110 beats/min). Contrary to our expecta-
tion, CO and filling pressures measured by invasive
hemodynamics did not significantly change across a
wide range of HRs (50 to 110 beats/min). A previous
noninvasive study reported that body position and activ-
ity but not HR affected estimated pump flows in patients
supported by a different centrifugal CF-LVAD (Heart-
Ware).'” Our data support in a more rigorous way,
through invasive hemodynamics, that HR does not sig-
nificantly influence the CO in patients supported by

either axial flow (HM2) or centrifugal (HM3) CF-
LVAD:s.

RV function has a major impact on LVAD flow and is
the main factor in maintaining cardiac output in LVAD
patients. It has been shown that CRT improves not only LV
function but also RV function although whether this is a
direct effect or a result of improved LV function is a matter
of debate.'®'” In our study, BiV and RV pacing had no
impact on right RVSWI. This remained true even in 4
patients with severe RV failure who were in stable condi-
tion but on inotropic support at the time of the study. Given
similar CO and filling pressures across all HRs, RVSWI
was significantly lower at the highest tested HR (110 beats/
min) compared with the baseline and lowest HRs suggest-
ing decreased RV performance at high HRs. BB are fre-
quently discontinued in LVAD patients with severe RV
dysfunction. However, a lower HR has better energetic effi-
ciency and might be beneficial for RV performance. In
LVAD patients with RV Failure intolerant to BB, Ivabra-
dine is a potential attractive alternative to lower HR espe-
cially in those with RV failure and sinus tachycardia.

We believe that our data is sufficient to prove that BiV
pacing has no acute hemodynamic benefit compared with
RV pacing or intrinsic rhythm in LVAD patients who failed
CRT before implant. However, the situation is possibly dif-
ferent in LVAD patients who have not failed CRT. A few
case reports showed improvement in LV function when
CRT was added to LVAD patients who had indications for
BiV pacing with successful weaning and removal of the
LVAD in all cases.” ' It is important to note that in most
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Right Ventricular Stroke Work Index (RVSWI)
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Figure 3. Right ventricular stroke work index. (RVSWI measured mm Hg x ml/min x m? x beats/min, *p values between highest and baseline [presenting]

HR).

published case reports, CRT was implemented after LVAD
implant or, in one case, within previous days. Thus, it is
possible that mechanical circulatory support could have
been avoided if CRT had been initiated before LVAD
implant or early enough to allow improvement in LV func-
tion.

In the absence of any guidelines, management of BiV
PM post-LVAD remains challenging among HF and elec-
trophysiology (EP) physicians. Our practice had been in the
past to continue BiV pacing post-LVAD implant despite
uncertain benefit or harm. However, we have started to ana-
lyze each patient individually and make decisions on a
case-by-case basis since there are potential advantages and
disadvantages for maintaining CRT post-LVAD implant.
CRT discontinuation could extend battery life and delay
device replacement. A potential advantage for CRT contin-
uation includes the possibility for LV recovery, especially
in those not previously exposed to CRT. Partial or minimal
improvement that might be derived from CRT could be
beneficial to maintain AV opening and improve aortic
insufficiency which is common in LVAD patients.

In summary, in patients who have failed CRT, discontin-
uation is reasonable post-LVAD if needed to preserve bat-
tery life, avoid device replacement or for other reasons
such as VT or infection. Reduction from BiV to RV to pac-
ing rates as low as 50 beats/min is reasonable in PM-depen-
dent patients whereas back up pacing as low as 50 beats/
min is also reasonable in non—PM-dependent patients. In
contrast, BiV pacing post-LVAD is reasonable in patients
who have not clearly failed CRT, for those who derived

benefit before implant, and for those who might derive ben-
efit post-LVAD implant either because of recent BiV PM
placement or expected LV recovery. Last but not least, we
believe that CRT should be attempted in all eligible patients
before durable LVAD implant and should also be consid-
ered post-LVAD in patients with wide LBBB not exposed
to such therapy.

This was a relatively small nonrandomized study that
included mostly men. However, the rigorous EP and hemo-
dynamic protocols with multiple measurements during dif-
ferent PM setting as well as intrinsic rhythm (when
possible) makes our hemodynamic data fairly robust. The
role of CRT in patients with AFib is less clear than in those
with sinus rhythm. However, most AFib patients had AVN
ablation which allowed ideal control of HR during BiV and
RV pacing. We did not perform LV pacing alone which
was shown to be superior to BiV pacing during long-term
follow-up in a substudy of adaptive CRT (aCRT) trial."®
This was an acute study and it is well documented that
some patients are slow responders to CRT. Adaptive CRT
was beyond the scope of this study and showed potential
benefit during long-term follow-up.'®'” A similar study
with a crossover design using each patient as their own con-
trol including use of aCRT could be performed to confirm
or refute our acute data.

In conclusion, BiV pacing does not have any acute
hemodynamic benefit compared with RV pacing or intrinsic
rhythm in CF-LVAD patients. Decision to continue or dis-
continue CRT post-LVAD should be individualized after
careful review of HF and EP history. Studies to assess the
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long-term clinical benefits of cardiac resynchronization
therapy in LVAD patients are warranted.
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