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ORIGINAL RESEARCH

Reducing ECG Artifact From Left Ventricular
Assist Device Electromagnetic Interference

Zak Loring “¥', MD, MHS; Sounok Sen, MD; Eric Black-Maier, MD; Brett D. Atwater, MD; Stuart D. Russell, MD;
Adam D. DeVore &', MD, MHS; Jonathan P. Piccini ', MD, MHS

BACKGROUND: Left ventricular assist devices (LVADs) generate electromagnetic interference that causes high-frequency noise
artifacts on 12-lead ECGs. We describe the causes of this interference and potential solutions to aid ECG interpretation in
patients with LVAD.

METHODS AND RESULTS: Waveform data from ECGs performed before and after LVAD implantation were passed through a
fast Fourier transform to identify LVAD-related changes in the spectral profile. ECGs recorded in 9 patients with HeartMate II,
HeartMate 3, and HeartWare LVADs were analyzed to identify the LVAD model-specific spectral patterns. Waveform data were
then passed through digital low-pass and bandstop filters and redisplayed to evaluate the effect of filtering on LVAD-related
electromagnetic interference. The spectral profile of patients with HeartMate Il and HeartMate 3 LVADs demonstrated a promi-
nent signal at the device-specific frequency of impeller rotation. In patients with the HeartMate 3 LVAD, 2 additional peaks
were observed at the frequencies equivalent to the LVAD’s artificial pulsatility rotational speeds. Patients with HeartWare
devices demonstrated a prominent signal peak at a frequency equal to double their LVAD’s set rotational speed. Applying a
low-pass filter to a value below the observed frequency peak from the LVAD significantly improved the waveform tracing and
quality of the ECG. Applying a speed-specific bandstop filter to remove the observed LVAD frequency peak also improved the
clarity of the ECG without compromising physiological high-frequency signal components.

CONCLUSIONS: LVADs create impeller rotational speed-specific electromagnetic interference that can be ameliorated by ap-
plication of low-pass or bandstop filters to improve ECG clarity.
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tricular assist devices (LVADs), with atrial fibrilla-

tion occurring in up to 32% of patients.! However,
continuous-flow LVADs generate electromagnetic in-
terference (EMI), which manifests as high-frequency
noise artifacts on the surface 12-lead ECG and im-
pedes rhythm identification.? A study comparing ECGs
before and after LVAD implantation showed that elec-
trical artifact in all leads was the most common change
seen after LVAD, found in 98% of included patients.® In
addition to hindering 12-lead ECG clinical interpreta-
tion, this EMI may impact screening tests for subcuta-
neous implantable cardioverter-defibrillators (S-ICDs),

Arrhythmias are common in patients with left ven-

interfere with catheter ablation procedures, and carry
a risk for inappropriate implantable cardioverter-de-
fibrillator therapy delivery.#® A study comparing ECG
findings of 415 patients before and after LVAD implan-
tation found significant shortening of the QRS duration,
reduction in the amplitudes of the R and S waves in
some leads, and an alteration of the R:T ratio, which
may impact the ability of implantable cardioverter-de-
fibrillators to accurately identify dangerous cardiac
arrhythmias.*

ECGs are susceptible to interference from noncar-
diac sources of electromagnetic activity. Bandpass
filters eliminate signal components that arise from
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CLINICAL PERSPECTIVE
What Is New?

Left ventricular assist devices produce electro-
magnetic interference on ECGs in predictable
ways.

e Left ventricular assist device electromagnetic
interference is primarily driven by the impeller
rotational speed; however, different left ventric-
ular assist device models exhibit different minor
electromagnetic interference components as a
consequence of differences in their designs.

e Use of low-pass and bandstop filters can re-
duce this electromagnetic interference and im-
prove the clarity of ECGs.

What Are the Clinical Implications?

e Application of filters tailored to individual left
ventricular assist device models and impeller
rotational speed can improve ECG clarity with-
out sacrificing physiological high-frequency sig-
nal components.

Nonstandard Abbreviations and Acronyms

EMI electromagnetic interference
HPF high-pass filter
LPF low-pass filter
LVAD left ventricular assist device

MOMENTUM 3 Multicenter Study of Maglev
Technology in Patients
Undergoing Mechanical
Circulatory Support Therapy

With HeartMate

subcutaneous implantable
cardioverter-defibrillator

S-ICD

external sources and may interfere with ECG inter-
pretation. ECGs typically focus on signals within the
0.04 to 150 Hz range in order to capture both low-fre-
quency (eg, the T wave) and high-frequency (eg, the
QRS complex) components that are clinically import-
ant. This focus is achieved by applying high-pass fil-
ters (HPFs) and low-pass filters (LPFs). HPFs set the
lower frequency limit for which signals will be included
in the displayed ECG waveform (ie, only signals higher
than this threshold will be included). Conversely, LPFs
demarcate the upper frequency limit. Electromagnetic
waveforms from power lines can contribute to ECG
noise, so an additional “notch” filter is often applied at
the typical utility frequency (60 Hz in the Americas and
parts of Asia, 50 Hz in much of the rest of the world).
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The application of HPF, LPF, and notch filters allows
ECG machines to display the signal frequencies within
the region of interest while minimizing EML.”

Currently available continuous-flow LVADs typi-
cally run at impeller rotational speeds in the range of
2400 to 3200 rpm (HeartWare by Medtronic), 5000
to 6000 rpm (HeartMate 3 by Abbott), and 8800 to
10 000 rpm (HeartMate Il by Abbott). These corre-
spond to oscillating frequencies of 40 to 53.3 Hz, 83.3
to 100 Hz, and 146.7 to 166.7 Hz, respectively. These
high-frequency oscillations have been hypothesized to
be a source of noise artifacts seen on ECGs in patients
with LVADs.8 In this study, we sought to confirm that
the LVAD impeller rotational speed corresponded to
the dominant noise frequency on the 12-lead ECG and
to demonstrate how adjustments in filtering may help
ameliorate this interference.

METHODS

Study Population

Patients with an implanted LVAD and an ECG per-
formed at Duke University Medical Center between
January 2019 and February 2020 were considered
for analysis. One patient was identified in whom ECGs
were obtained 2 days before and directly following
their LVAD implantation allowing for direct comparison
of pre- and post-LVAD ECGs. Additionally, for each
currently available LVAD model type (HeartMate 3,
HeartMate Il, and HeartWare), 3 representative patients
were chosen, with their LVADs set at different impeller
rotational speeds. Demographic information including
age, sex, height, and weight, as well as LVAD infor-
mation (speed and implantation date), were abstracted
from the patients’ electronic medical records. The
study was determined exempt by Duke University’s in-
stitutional review board and no informed consent was
required. The authors had full access to the data and
the first author (Z.L.) attests to the integrity of the data
analysis. Because of the sensitive nature of the data
collected for this study, requests to access the data
set from qualified researchers trained in human sub-
ject confidentiality protocols may be sent to the cor-
responding author at zak.loring@duke.edu.

ECG Analysis

The ECGs for each of the included patients were
first evaluated using the default HPF (0.04 Hz),
LPF (150 Hz), and notch filters (60 Hz) in the MUSE
Cardiology Information System version 8.0.2.10132
with 12SL analysis software version 241 (General
Electric Healthcare). Waveform data from each of the
8 independent ECG leads (|, II, V1, V2, V3, V4, V5, and
V6 [leads lll, aVR, aVL, and aVF are derived from these
primary data]) were extracted from the ECG XML file
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as a time series (millivolts per 0.002-second interval).
A fast Fourier transform was applied to this time series
data to display the component frequencies that com-
prise each lead’s waveform data as a spectral profile
using R (R Core Team, 2014) and the spectral package
(Seilmayer, 2019; https:.//CRAN.R-project.org/packa
ge=spectral). Observed peaks on an individual’s spec-
tral profile occurring above the typical frequencies for
the major ECG waves (P waves 0.67-5 Hz, QRS com-
plexes 10-50 Hz, and T waves 1-7 Hz) were hypothe-
sized to be coming from the LVAD. For each patient, the
frequency of the observed peak was compared with
the impeller rotational speed. The LPF was adjusted in
the MUSE system to exclude the high-frequency peak,
and the filtered and unfiltered ECGs were compared.

Proposed Bandstop Filter

Waveform data from example ECGs from one of the
representative patients from each LVAD model type
(HeartWare, HeartMate 3, and HeartMate Il) were
evaluated as described above for high-frequency
spectral peaks thought to be coming from the LVAD.
The waveform data were then imported into MATLAB
(version R2019b; The MathWorks, Inc.) to facilitate ap-
plication of additional postprocessing filters. A second
order Butterworth infinite impulse response bandstop
filter® was applied that excluded frequencies around
the hypothesized LVAD principal oscillation frequency.
Additionally, a second order Butterworth infinite im-
pulse response LPF was constructed with a cutoff fre-
quency of 40 Hz and applied to the ECG data. The
filtered ECG was then displayed and reevaluated.

RESULTS

ECG Before and After LVAD Implantation

The pre-LVAD ECG for one of the patients is displayed
in Figure 1A. The patient was a 73-year-old man with
end-stage ischemic cardiomyopathy admitted for
planned LVAD implantation (Table 1, patient 1). His
admission ECG demonstrated an atriobiventricular
paced rhythm with ventricular premature complexes
and minimal artifact. The spectral profile of this ECG
demonstrated that the majority of the signal data were
composed of frequencies <40 Hz (Figure 1B).

Two days following admission, the patient un-
derwent implantation of a HeartMate 3 LVAD set to
5700 rpm. Arepeat ECG (Figure 1C) demonstrated sub-
stantial EMI artifact impeding accurate assessment of
waveform durations and identification of an isoelectric
baseline. The spectral profile analysis demonstrated a
substantial peak at 95 Hz (a frequency equivalent to
the set speed of 5700 rpm) on all recorded leads, but
most prominent in lead |, V3, and V4 (which, in addi-
tion to the leads derived from |, demonstrate the most
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artifact on the displayed ECG) (Figure 1D). Reducing
the LPF to 40 (above the threshold where the majority
of the pre-LVAD ECG signal was, below the observed
peak frequency at 95 Hz, shaded region on Figure 1D)
resulted in an ECG with less artifact, more easily dis-
cernable waveform onsets/offsets, and a more clear
isoelectric baseline (Figure 1E).

HeartMate 3 ECGs

Three patients with HeartMate 3 LVADs set to differ-
ent rotational speeds were included (Table 1, patients
1-3). Figure 2A demonstrates the ECG and associated
spectral profile of a 66-year-old man with ischemic
cardiomyopathy with a HeartMate 3 LVAD running at
5200 rpm seen for routine follow-up in an LVAD clinic.
The ECG displayed on the left was recorded using the
default HPF (0.16 Hz), LPF (150 Hz), and notch filter
(60 Hz). Similar to the prior patient, the spectral pro-
file exhibited a spectral peak identical to the LVAD
impeller rotational speed (5200 rpm or 86.7 Hz, red
line). HeartMate 3 devices also employ a software al-
gorithm to generate an “artificial pulse” by accelerat-
ing and decelerating the pump speed by 2000 rpm
once every 2 seconds in order to reduce stasis and
thrombus formation in the pump.'® This corresponds
to rotational speeds of 3200 rpm and 7200 rpm in this
patient (53.3 Hz and 120 Hz, respectively). Minor peaks
near these frequencies are visible on the spectral pro-
file (green lines). Reducing the LPF to 40 Hz (a value
>10 Hz below the principal and minor oscillation fre-
quencies of this patient’s LVAD) eliminated the majority
of the electrical artifact (right panel). This normalized
the isoelectric baseline and supported the clinical in-
terpretation of atrial fibrillation on the ECG (Figure 2A).
Similar patterns were seen in all 3 patients with
HeartMate 3 LVADs with a prominent spectral peak
at the patient’s specific principal oscillation frequency
and minor peaks near the frequencies corresponding
to the “artificial pulse” (Figure S1). Reducing the LPF to
40 Hz reduced the noise from the electrical artifact and
improved the legibility of all of the ECGs.

HeartMate Il ECGs

There were 3 patients with HeartMate Il LVADs in-
cluded in this study, also with different set rotational
speeds (Table 1, patients 4-6). Figure 2B shows the
ECG and associated spectral profile of a 51-year-old
man with a HeartMate Il LVAD running at 9600 rpm
who was admitted to the hospital with a driveline
infection. The ECG on the left was recorded using
default filtering settings (HPF=0.16 Hz, LPF=150 Hz,
notch=60 Hz) and demonstrates an atrial paced
rhythm with complete left bundle branch block.
Analysis of the waveform spectral profile demon-
strated a peak frequency identical to the LVAD’s
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Figure 1. Pre- and post-left ventricular assist device (LVAD) ECGs.

A, ECG of a patient before LVAD implantation demonstrating atriobiventricular pacing with ventricular premature complexes and
minimal artifact. B, Spectral profile from this patient’s pre-LVAD ECG demonstrating frequency vs strength. C, ECG of the same
patient after HeartMate 3 LVAD implantation demonstrating substantial electromagnetic interference artifact. D, Spectral profile of
post-LVAD ECG with red line indicating LVAD rotational speed (5700 rpm/95 Hz). E, Post-LVAD ECG with low-pass filter reduced to
40 Hz (shaded signals on [D] excluded).
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Table 1. Age, Sex, and LVAD Settings for Included Patients

Patient No. Age, y Sex LVAD Speed, rpm
1 73 Male HeartMate 3 5700
2 66 Male HeartMate 3 5200
3 46 Male HeartMate 3 6200
4 51 Male HeartMate |l 9600
5 70 Male HeartMate |l 9800
6 65 Male HeartMate |l 9600
7 55 Male HeartWare 2780
8 18 Male HeartWare 2500
9 68 Male HeartWare 3000

LVAD indicates left ventricular assist device.

rotational speed (9600 rpm or 160 Hz, red line).
However, unlike the HeartMate 3 device, the faster
rotational speed of the HeartMate Il places this peak
frequency above the default LPF of the ECG display.
As such, the unfiltered ECG demonstrates little to no
electrical artifact that impedes its interpretation.

The typical rotational speeds of HeartMate Il de-
vices range from 8800 to 10 000 rpm, corresponding
to frequencies of 146.7 to 166.7 Hz. These frequencies
are often above the default LPF settings of ECG display
systems and thus do not generate substantial electri-
cal artifact. In all 3 HeartMate Il patients included in this
study, the principal oscillating frequency exceeded the
LPF and the ECGs were largely free of electrical artifact
(Figure S2).

HeartWare ECGs

Three patients with HeartWare LVADs were also in-
cluded in this study (Table 1, patients 7-9). Figure 2C
shows the ECG and spectral profile of a 55-year-old
man with a HeartWare device set at 2780 rpm admit-
ted to the hospital for presyncope caused by recur-
rent ventricular tachycardia. The ECG on the left was
recorded with default filtering settings (HPF=0.16 Hz,
LPF=150 Hz, notch=60 Hz) and demonstrates an
atrioventricular paced rhythm. The hypothesized
spectral peak for this patient was 46.3 Hz (red line);
however, the most prominent peak was observed
at a value double this principal oscillating frequency
(92.7 Hz, blue line). Additionally, the spectral profile
demonstrated low amplitude spikes across the entire
frequency range. Adjusting the LPF to 40 Hz (a value
>10 Hz below the observed peak but very near the
principal oscillation frequency) resulted in a clearer
ECG with much of the electrical artifact removed
(right panel).

This observation of the most prominent spec-
tral peak occurring at twice the principal oscillation
frequency was consistent across all 3 patients with
HeartWare devices (Figure S3). While the HeartWare
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device does not employ the same “artificial pulse” al-
gorithm used in the HeartMate 3 device, it does exhibit
intermittent pulsatility by using the Lavare cycle."" The
pump accelerates and decelerates by 200 rpm across
a 3-second interval every minute. The infrequency of
this change in rotational speed as well as the small
magnitude of change (200 rpom=3.3 Hz) makes it un-
likely that this algorithm would generate additional fre-
quency peaks on the spectral profile from a 10-second
ECG. Indeed, there did not appear to be other distinct
frequency peaks on the spectral profiles of the 3 pa-
tients with HeartWare.

Bandstop Filtering

While adjusting the LPF on patients with LVADs can
facilitate rhythm identification, this comes with the
tradeoff of discarding high-frequency components,
which may also carry clinical value. The typical fre-
quencies for the major ECG waves are on the lower
end of the bandwidth; however, high-frequency
components do contribute to the QRS morphol-
ogy, particularly in patients with pathology such as
scar or hypertrophy.'? Additionally pacemaker spikes
are high-frequency signals that are better visualized
when high-frequency components are included in the
ECG display.”® The addition of an adjustable band-
stop style filter for patients with LVADs that excludes
a band of frequencies around the principal oscilla-
tion frequency causing the EMI allows for a more
selective, speed-specific exclusion of LVAD-related
interference with preservation of the high-frequency
components of the ECG.

An example of this filtering is shown in Figure 3.
Figure 3A shows an unfiltered ECG of a patient with
a HeartMate 3 LVAD running at 5700 rpm, as well as
the spectral profile demonstrating the principal os-
cillation frequency and minor peaks at the “artificial
pulse” frequencies. Figure 3B depicts the ECG after
applying a bandstop filter for frequencies between
85 to 105 Hz (95 Hz principal oscillation frequency
+10 Hz), which reduces the electrical artifact and im-
proves the clarity of the ECG. Applying a wider band-
stop filter for frequencies 0.67 Hz to 50 Hz (Figure 3C)
that excludes both the principal oscillation frequency
peak and the minor peaks from the artificial pulse
generates an ECG with even less artifact. Figure 3D
depicts the same ECG with a 40-Hz LPF applied.
While this ECG does demonstrate little electrical ar-
tifact, the high-frequency pacemaker spikes are less
well visualized than on the bandstop-filtered ECG in
Figure 3C. A similar pattern was seen when these fil-
ters were applied to a patient with a HeartWare LVAD
(Figure S4). A summary of the effect of each of the
LVAD model-specific artifacts and effects of filtering
are shown in Table 2.



Loring et al Reducing ECG Artifact in Patients With LVADs

Strength

0 100000 250000
Strength

0 40000 100000

Strength
0 150000 350000

ul

T T T T
m 0 s0 100 150 200 0 50 100 150 200 0 50 100 150 200 Wm

Frequency Frequency Frequency avR

5 6405

Strength

| . vi

T T T T T T T T T T T
o 50 100 150 200 0 50 100 150 200 o 50 100 150 200
V2 Frequency Frequency Frequency V2

0 150000 350000

o
=] 2
g S
Strengh
0e+00 40405  Bes05
Strongh
0e+00  3e+05

Strength
0 100000 250000

<
b
Strength
0 100000 250000
2
g

V6

g g

8 &
I ) s g | %8
E it it it

WL bl

n b T T T T ° T T T T i T T T T
|—1 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
e Frequency Frequency Frequency

wv‘—w v2 v3 v4

avL g 8
M : :
LM e MMM MM M M
avF 83 £ £
G . g e
-MWWVV 8 8 8
Vi i : 3 - i : 7 7

. T T T T T T T
W 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
5 A R Froquncy Froquncy Frsqusnoy
= & V5 V6
V3 V

<§
Strength
0 100000

Strength
0 100000 250000

V5 7 T 7 T T 7 7 T
M ] 50 100 150 200 0 0 100 150 200
V6 e e e e Frequency Frequency

Strength

Strength

0 100000 250000
Strength
100000 200000

0 40000 120000

= 0 50 100 150 200 100 150 200 0 0 100 150 200 ‘—I
avﬁ*\’"‘*—r{“—-—'—r-r"—-"—ﬁ Frequency Frequency Frequency avi
W V2 Vi va I—L.,W\__._W\,*
avL g avL
H 8
L Y =
= £ P

avF B2 £ g B3 avF
W s 2L g N Lo

Vi H & - & T Vi

T T T T T T T T
[ 50 100 150 200 [ s0 100 150 200 0 s0 100 150 200

Clt, o~~~ ey oo i L

W vs e W
V3 V3

3 g
WWW»H N 8 W—
V4 ‘% 3 % . V4
3 (21
e 2 = W

0 s0 100 150 200 0 50 100 150 200 |—I
Frequency Frequency

il [T il I

Figure 2. ECGs and spectral profiles of all left ventricular assist device (LVAD) models.

ECG (left) spectral profiles (middle) and ECGs with low-pass filter adjusted to 10 Hz below rotational speed (right) from patients
with LVADs of different models and rotational speeds. Set rotational speed marked with a red line on spectral profile, green line is
+2000 rpm for HeartMate 3 (artificial pulse), and blue line is double the set rotational speed for HeartWare. A, HeartMate 3 set at
5200 rpm (86.7 Hz, green lines at 53.4 Hz, 120 Hz). B, HeartMate Il set at 9600 rpm (160 Hz). C, HeartWare set at 2780 rpm (46.3 Hz,
blue line=92.6 Hz).
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Figure 3. Filtering solutions to left ventricular assist device (LVAD) artifact in HeartMate 3.

A, ECG and spectral profile of a patient with a HeartMate 3 LVAD with red line indicating LVAD rotational speed (5700 rpm/95 Hz) and
green lines indicating artificial pulse frequencies (61.7 and 128.3 Hz). B, ECG after signal filtered through an 85 to 105 Hz bandstop
filter. C, ECG after signal filtered through a 65 to 125 Hz bandstop filter. D, ECG after signal filtered through a 40 Hz low-pass filter.

DISCUSSION basis for the observed artifacts, and propose filter-

ing solutions that ameliorate interference to improve
In this study we describe the effect of continuous- clinical interpretation of ECGs in patients with LVADs.
flow LVADs on 12-lead ECGs, identify the mechanistic By identifying the principal frequency related to the
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Table 2. Summary of LVAD Model-Specific Artifacts and Filtering Solutions

Typical Impeller
Rotational Principal EMI Additional EMI

LVAD Model Speed, rpm Frequency, Hz Frequencies Effect of LPF Effect of Bandstop Filter

HeartWare 2400-3200 40-53.3 +33.3 Hz Excludes high-frequency EMI Selectively excludes EMI
when at least 10 Hz below from LVAD while preserving

the lowest EMI frequencies high-frequency signals

HeartMate 3 5000-6000 83.3-100 +2x Principal Excludes high-frequency EMI Selectively excludes EMI
frequency when at least 10 Hz below from LVAD while preserving

principal EMI frequency high-frequency signals

HeartMate Il 8800-10 000 146.7-166.7 None No effect No effect

EMI indicates electromagnetic interference; LPF, low-pass filter; and LVAD, left ventricular assist device.

mechanical oscillation of the LVADs, one can employ
speed-specific filtering techniques to remove non-
physiologic EMI while preserving physiologic body
surface potentials. Improving the clarity of ECGs in
patients with LVADs may aid in their clinical interpre-
tation and improve the diagnostic yield of this test.
These findings also have important clinical implica-
tions for S-ICD sensing and programming in patients
with LVADs.

There has been a steady increase in the use of
LVADs in the United States.*'> The American Heart
Association issued a statement in 2019 that raised the
issue of LVADs causing high-frequency noise on the
surface ECG that can be improved by adjustment of
the LPF; however, they acknowledge that this comes
at a cost of losing some fractionation of amplitude of
the QRS signal.? This study highlights that the particu-
lar wavelength of the high-frequency noise generated
by the LVAD can be deduced from the readily available
rotational speed, and speed-specific filtering can be
applied to remove the interference without compro-
mising high-frequency signal components. This more
tailored approach to filtering allows clinicians to im-
prove the signal-to-noise ratio of their ECG recordings
without unnecessarily discarding clinically important
signal data.

Each of the 3 most commonly implanted con-
tinuous-flow LVAD models demonstrated unique
signal profile characteristics that appear to result
from their designs. The typical rotational speeds of
HeartMate 3 LVADs (5000-6000 rpm, 83.3-100 Hz)
create principal oscillating frequencies in the mid-
dle of the typical frequency spectrum of ECGs
(0.04-150 Hz). Additionally, the device’s “artificial
pulse” creates 2 additional minor frequency peaks
in this spectrum. In this study, the ECGs from these
patients demonstrated the largest amount of elec-
trical artifact. Since publication of MOMENTUM 3
(Multicenter Study of MaglLev Technology in Patients
Undergoing Mechanical Circulatory Support Therapy
With HeartMate 3),'® HeartMate 3 devices have be-
come an increasingly popular choice for LVAD im-
plantation, highlighting the clinical importance of

J Am Heart Assoc. 2020;9:e017563. DOI: 10.1161/JAHA.120.017563

this interference.” The proposed bandstop filter
significantly reduces the interference generated
by HeartMate 3 LVADs while preserving high-fre-
quency signal components. Adjustment of the LPF
is a simple alternative solution that comes at a cost
of high-frequency signal components, but can be
easily performed at the time of ECG acquisition or
during postprocessing in most ECG reading soft-
ware. Of note, neither filtering technique significantly
distorts the morphology of the P, QRS, or T waves.
These waveforms fall on the lower end of the ECG
bandwidth (P waves 0.67-5 Hz, QRS complexes
10-50 Hz, and T waves 1-7 Hz); however, high-fre-
guency components do contribute to the QRS mor-
phology particularly in patients with pathologies such
as scar or hypertrophy, which may be excluded by
application of LPFs."?

The high rotational speed of HeartMate Il devices
(8800—10 000 rpm, 146.7-166.7 Hz) place the principal
oscillating frequency above the typical ECG frequency
spectrum. Consequently, in this study, none of the
ECGs from these patients demonstrated significant
electrical artifact when displayed with the default filter-
ing settings (HPF=0.16 Hz, LPF=150 Hz, notch=60 Hz).
The spectral analysis of the raw ECG waveforms in
these patients did demonstrate a clear peak at the
principal oscillation frequency, illustrating that these
devices similarly create electrical interference signals
at the set rotational speed despite their markedly differ-
ent design (use of an axial pump, mechanical bearings,
and extrathoracic implantation location compared with
the HeartMate 3’s centrifugal pump, magnetically lev-
itated bearings, and intrapericardial implantation loca-
tion)."® However, while the typical speed ranges make
this interference largely inconsequential, these results
lend corroborating insight into the mechanistic basis of
the EMI observed on traditional 12-lead ECGs.

The HeartWare devices were unique in that the
principal frequency peak observed was approximately
double the set rotational speed of their LVAD. Like the
HeartMate 3, the HeartWare is a magnetically levitated,
centrifugal pump implanted in the pericardium.’® A
unique aspect of the HeartWare device is the inclusion
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of the Lavare cycle, which accelerates and decelerates
the pump speed by 200 rpm across a 3-second interval
every minute."” This infrequent and minor (3.3 Hz) oscil-
lation does not substantially impact the spectral profile
of ECGs in these patients. One notable difference be-
tween the HeartWare and HeartMate devices is the de-
sign of the brushless motor. Both types of pumps utilize
3 sets of electromagnetic coils arranged around the im-
peller and, by alternating the current direction through
these coils to switch the polarity of the magnetic fields,
they exert torque on the impeller (which is imbedded
with permanent magnets). While some pumps (such as
the HeartMate ) have permanent magnets with 2 poles
imbedded in the impeller, the impeller in the HeartWare
device is imbedded with permanent magnets with 4
poles.?° For each rotation of an impeller with a 4-pole
magnet, the magnetic field changes twice as frequently
as in an impeller with a 2-pole magnet. This changing
magnetic field at twice the frequency of impeller rotation
may be the source of artifact seen in HeartWare de-
vices. Further work is needed to delineate which design
features of the HeartWare LVAD lead to this consistent
pattern. Nonetheless, adjusting the LPF to below the
principal frequency peak or applying a “bandstop” filter
results in an ECG with less electrical artifact that is eas-
ier to interpret.

An increasing number of patients who undergo
LVAD implant have a preexisting S-ICD. Because the
primary and secondary sensing vectors of the S-ICD
encompass the LVAD, numerous cases of inappro-
priate S-ICD shocks caused by EMI have been re-
ported.?” This has been more frequently observed in
the HeartWare and HeartMate 3 than in the HeartMate
Il, likely because of the high rotational speed and in-
traperitoneal location of the HeartMate 1.2 The sec-
ond-generation S-ICD incorporated an additional 9-Hz
HPF (SMART Pass filter, Boston Scientific) to reduce in-
appropriate therapy caused by oversensing of low-fre-
quency T waves. However, no specific programming
exists to prevent shocks caused by EMI. Modification
of the built-in S-ICD notch filter from 60 Hz (US set-
tings) to 50 Hz (UK settings) was used to prevent inap-
propriate therapy attributable to EMI in a patient with
the S-ICD and a HeartWare set at 3000 rpm and re-
sulting dominant frequency of 50 Hz.2® We believe that
our findings suggest that incorporation of programma-
ble bandstop filters and/or LPFs into the S-ICD may
be applied to patients with LVADs that operate at a
broader range of frequencies and may help reduce the
incidence of inappropriate therapy in the growing pop-
ulation of patients with an LVAD and S-ICD.

Limitations

This study has several important limitations. Only 9
patients were included in this analysis; however, the
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patterns reported were consistent within each LVAD
manufacturer group. The use of bandstop filters and
LPFs reduced electrical artifact in all included patients,
but it did not completely eliminate it. The mechani-
cal nature of the LVAD pump creates reverberation
at frequencies above and below the principal oscilla-
tion frequency, which hampers precise exclusion of all
interference. The use of these lower order filters im-
proves the legibility of the ECG to aid clinical interpreta-
tion; however, in some cases, residual artifact may still
preclude accurate reading. Future application of more
sophisticated digital filter designs may be able to fur-
ther ameliorate LVAD-associated EMI while preserving
physiologically important frequency components. This
was a retrospective review of clinically obtained ECGs,
which may have been obtained in suboptimal record-
ing environments; however, these ECGs are represent-
ative of tracings obtained during routine clinical care of
patients with LVADs.

CONCLUSIONS

Continuous-flow LVADs generate electrical artifacts on
12-lead ECGs that are fundamentally related to their
set impeller rotational speed. Adjusting filtering param-
eters such as the LPF or the addition of a bandstop
filter can exclude many of the signals responsible for
this artifact and improve the clarity and legibility of the
ECG. Application of this technology to the ECG at the
time of acquisition or during postprocessing can im-
prove the signal-to-noise ratio, may improve the diag-
nostic yield of this test in patients with LVADs, and has
important implications for patients with S-ICDs.
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Figure S1. HeartMate 3 Spectral Profiles.
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Figure S2. HeartMate 2 Spectral Profiles.
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Figure S3. HeartWare Spectral Profiles.
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Figure S4. Filtering Solutions to LVAD Artifact in HeartWare.
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A) Electrocardiogram (ECG) and spectral profile of a patient with a HeartWare LVAD with red line indicating LVAD
rotational speed (2,780 RPM/46.3 Hz) and blue line indicating 2x LVAD rotational speed (92.7 Hz). B) ECG after
signal filtered through a 82.7-102.7 Hz bandstop filter. C) ECG after signal filtered through a 40 Hz low pass filter.



