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A low-pass filter of 300 Hz improved the detection of pacemaker
spike on remote and bedside electrocardiogram
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Abstract

Background: The current upper-frequency cutoff of 150Hz sometimes causes loss of pacemaker spike and misdiagnosis.%
hypothesized that low-pass filter (LPF) other than 150 Hz could improve the detection of pacemaker spike. This study aimed to
examine the effect of different LPF on pacemaker spike detection in remote and bedside electrocardiogram (ECG).

Methods: Patients with permanent pacemaker implantation were included during routine follow-up. Standard 12-lead ECGs at 6
different upper-frequency cutoff (40, 100, 150, 200, 300, and 400 Hz) were collected. All ECGs were then transmitted to the remote
clinic center. Ventricular and atrial pacing were analyzed by 2 independent medical practitioners.

Results: A total of 88 patients’ ECGs were analyzed (mean age 73.8 +10.2 years and 85 with dual-chamber pacemakers). About
75.3% (64/85) of patients were diagnosed as atrial pacing by pacemaker programming. Among 6 different upper-frequency cutoff,
the 300 Hz turned out to perform best in detecting atrial-paced spike (area under the curve [AUC]=0.73, 95% confidence interval
[CI]: 0.61-0.84 vs.0.56,95% CI: 0.61-0.84 at 150 Hz; P=0.002) on bedside ECGs. Using programming as the golden standard, the
300Hz LPF has a sensitivity of 59.4%, specificity of 85.7%, positive predictive value of 92.7% and negative predictive value of
40.9% on bedside ECGs. As for the ventricular pacing, the 300 Hz LPF also had a higher accuracy (AUC=0.93; 95% CI=0.84-
1.00) than that at 150 Hz (AUC=0.86; 95% CI: 0.77-0.94; P <0.001) in detecting ventricular-paced spike on bedside ECGs. The
results of remote ECGs were similar with bedside ECGs.

Conclusions: A filter of 300 Hz cutoff may be recommended for ECG spike detection. With the recommended parameter, remote
ECG can perform as well as bedside ECG.
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Introduction pacemaker spike, which is a small signal just before the P
wave or QRS wave. The identification of pacemaker spike
is important for the accurate diagnosis of pacemaker ECG.
However, the small spike signal is becoming more and
more difficult to discern with the widely use of dipolar
pacemakers.31% Furthermore, some ECG information
such as pacemaker spike s1gnal may become weaker and
even get lost during the remote transmission./®!!!
Consec[]luently, many ECGs of pacemaker are misdiag-
nosed.!"?! Therefore, it is urgent to improve the detection of
pacemaker spike of remote and bedside ECG.

Electrocardiogram (ECG) is widely used by routine clinical
practices to better understand the working of the heart in
all its details, and the cause of a large variety of
cardiovascular disease, since it was invented by Willem
Einthoven in 1902. Recently, remote ECG diagnostic
system developed rapidly and achieved more and more
attention with the development of information and
communication techniques. But the problem is that
interpretations by several cardiologists reading the same
ECG often vary substantlally, especially for the remote
ECG of pacemaker.!'3! And there is still no evidence-based
minimum number of ECG interpretations that is ideal for
attaining or mamtammg competency in ECG interpreta-
tion skills.!**! As we know, ECG is a primary evaluating

tool for the patients with pacemaker 1m6p7lantat10n during upper-frequency cutoff of 150 Hz, recommended by the
follow-up, whether bedside or remote.!®”! Different from AHA/American College of Cardlology (ACC) guidelines
general ECG, 1 key feature of pacemaker ECG is the today, always results in loss of spike.”""3! we hypothe51zed
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The signal intensity of pacemaker spike is related with
many factors including 51gnal processing of ECG device.
One typical filter process is the anti-aliasing and u per-
frequency cutoff (also called low-pass filter, LPF).[¥! The
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Figure 1: Data acquisition, processing and storage diagram of MCA-22-12UP used in this study.

that LPF other than 150 Hz could improve the detection of
pacemaker spike of remote and bedside ECG. Therefore, in
the present study, we focused on the pacemaker spike
detection at different LPF and compared the diagnostic
accuracy of remote and bedside ECG.

Methods

Ethical approval

This study was approved by the Ethics Committee of the
Hospital. Given its retrospective nature and the fact that
data analysis was performed anonymously, it was exempt
from obtaining informed consent from patients.

Study population

Of all the 109 consecutive patients with pacemaker
implantation for routine follow-up at outpatient clinic
from January 1, 2015 to June 30, 2015 in our hospital, 88
patients were included in this study, who met the following
inclusion criteria of this study: (1) without atrial fibrilla-
tion; (2) without serious interference of limb shaking, such
as in condition of Parkinson disease. Patients’ history was
collected using patients’ chart reviews.

The pacemaker and ICD devices used in the study were
from a variety of manufacturers including Medtronic
(Minneapolis, MN, USA) and St. Jude Medical (St. Paul,
MN, USA). The parameter set-up of the pacemakers was:
output amplitude 2.0 to 3.5 V, pulse width 0.4 ms,
bipolar.

ECG collection and recording

Standard 12-lead ECGs were recorded in the resting supine
position using recommended standardized procedures the
same time as the pacemaker programming. For each
patient, bedside ECGs were collected at 6 different upper-
frequency cutoff (40, 100, 150, 200, 300, and 400 Hz). All
these ECGs were then transmitted to the remote clinical
center. ECGs were recorded and stored at a sampling rate
of 500Hz and printed using a paper speed of 25 mm/s. The
lower-frequency cutoff was 0.5 Hz.
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The ECG device utilized was designed by MedEx Beijing
Company (MCA-22-12UP). The system analyzes and
stores ECGs based on the standard 12-lead hookup at a
sensitivity of 10 mm/mV, an input impedance of more than
5 MQ and an input electricity of <0.1pA. The ECG
acquisition was processed a noise level <15uV and
common-mode rejection more than 100 dB. Direct-current
polarization voltage was +300mV and time constant more
than 3.2s with a proper damping. Figure 1 shows the data
acquisition, processing, and storage diagram of equip-
ment.

ECG analysis

All ECGs were analyzed by 2 separate medical practi-
tioners who had received training in pacer ECG reading
and were unaware of patients’ treatment allocation or
pacemaker programming outcome. The ECG was defined
as “ventricular paced” if ventricular pacemaker spike can
be recognized in more than 5 leads by both doctors. Atrial
paced was defined as atrial spike can be seen in lead II and
AVR. Baseline interference was defined as the absolute
value of the baseline clutter more than 0.01 mV on at least
6 leads. In the absence of concordance between the 2
readers, a third (cardiologist) reporter adjudicated.

Statistical analysis

The Statistical Package for the Social Sciences for Windows
(version 18.0; SPSS Inc., Chicago, IL, USA) was used for
analysis. All continuous data are presented as mean=+
standard deviation (SD) and categorical variables as count
and percent and compared by using Pearson Chi-squared
or Fisher exact test. By using the programming result as the
golden standard, the sensitivity, specificity, positive
predictive value (PPV), and negative predictive value
(NPV) of different upper-frequency cutoff for the detection
of pace spike were calculated. Receiver operating charac-
teristic (ROC) curves were used in evaluating detection for
spike at different LPF. Area under the curve (AUC) was
also calculated. Agreement between bedside ECG and
remote ECG was evaluated using Cohen kappa. A large
kappa value implies stronger agreement, with k=1 being
the perfect agreement. A good level of agreement was


http://www.cmj.org

Chinese Medical Journal 2019;132(5)

WWW.Cmj.org

Table 1: Detection for ECG pacer spike at different low-pass filter.

Items Programming 40 Hz 100 Hz 150 Hz 200 Hz 300 Hz 400 Hz
Bedside ECG, n (%)
AP 64 (75.3) 5(5.9) 10 (11.8) 12 (14.1) 34 (40.0) 41 (48.2) 45 (52.9)
VP 66 (75.0) 4 (4.5) 25 (28.4) 51 (58.0) 62 (70.5) 65 (73.9) 69 (78.4)
Interference, % - 4.5 21.6 38.6 57.9 60.2 65.9
Remote ECG, n (%)
AP 64 (75.3) 4 (4.7) 9 (10.6) 15 (17.6) 33 (38.8) 41 (48.2) 48 (56.5)
VP 66 (75.0) 4 (4.5) 22 (25.0) 43 (48.9) 62 (70.5) 65 (73.9) 69 (78.4)
Interference, % - 8.0 29.5 45.5 67.0 72.7 75.0

AP: Atrial pacing; ECG: Electrocardiogram; VP: Ventricular pacing.

defined as k > 0.61.1"* All tests were 2-sided, and P value <
0.05 was considered to indicate statistical significance.

Results

Characteristics of the study subjects

The ECGs from a total of 109 patients with pacemaker
implantation were collected. Twenty-one records were
excluded from this study due to technical and other issues.
Therefore, a total of 88 patients’ ECGs were analyzed. The
mean age was 73.8+10.2 years and 43 (48.9%) of them
were females.

Among the 88 patients, 39 (44.3%) had sick sinus
syndrome, 35(39.8%) had atrial-ventricular block, 11
(12.5%) had tachycardia-bradycardia syndrome, and 3
(3.4%) had others. All patients’ pacemakers were bipolar
leads and 85 (96.6%) were dual-chamber pacemakers. The
results of pacemaker programming and ECG spike
detection are summarized in Table 1. The interference
rate of bedside and remote ECGs increased with upper-
frequency cutoff, ranging from 4.1% to 65.9% and 8.0%
to 75.0%, respectively.

Detection of atrial-paced spike

The performance of spike detection with different LPF is
shown in Figures 2 and 3. As seen in Figure 2, the atrial-
paced spike on bedside ECG can be found in lead V3 to V6
with an LPF of 40 Hz; in lead II, V1 to V6 with 100 Hz; lead
L 1II, avF, avR, and V1 to V6 with 150 and 200 Hz; and lead
I, 1L, TII, avF, avR, and V1 to V6 with 300 Hz. Figure 3
shows the performance of remote ECG in atrial-paced
spike detection with different LPF. The atrial-paced spike
can be recognized in lead V2 and V4 with an LPF of 40 Hz;
in lead II, V2 to V6 with 100 and 150 Hz; lead II, avR, and
V2 to V6 with 200Hz, and lead I, II, avF, avR, and V1 to
V6 with 300 Hz.

Further analysis in detection of atrial spike presented
notable difference among different upper-frequency cutoff
[Tables 2 and 3]. A total of 85 atrial-paced patients were
analyzed, with 64 of them were actually atrial paced while
programming. By using the programming result as the
golden standard, results of bedside ECG showed that the

536

general 150Hz LPF has a sensitivity of 17.2% and
specificity of 95.2% on bedside ECGs. The PPV was
91.7% and NPV was 27.4%. With the increase of LPF, the
recognition rate of atrial spike (showed as sensitivity) got
higher, increasing from 7.8 % to 62.5%. The PPV of all the
6 different LPF were high, ranging from 88.9% to 100%.
The NPV was relatively low, which was 26.2% under 40
Hz and raised to 40% under 400 Hz. Moreover, the Cohen
test showed that remote ECGs could perform as well as
bedside ECGs (k=0.65-0.86), especially under an LPF of
300Hz (k=0.86).

With regard to the ROC curve, the 300 Hz turned out to
perform best in detecting atrial-paced spike compared with
other filters. The requested 150Hz had an AUC of 0.56
(95% CI: 0.43-0.70; P=0.395) and a 300Hz filter had an
AUC 0f 0.73 (95% CI: 0.61-0.84; P=0.002). By using the
programming result as the golden standard, the ROC
curves of bedside ECG [Figure 4A]| and remote ECG
[Figure 4B] were drawn.

Detection of ventricular pacemaker spike

Tables 4 and 5 displayed results of ventricular spike
detection with both bedside and remote ECGs. Among the
88 ventricular-paced patients, programming results
showed that 66 of them were actually ventricular paced.
Generally, the detection rate of ventricular spike was
higher than atrial spike. When LPF was 200Hz or
more, almost all the ventricular pacing signals could be
identified. The sensitivity of 200, 300, and 400 Hz were
92.4%, 95.5%, and 98.5%, respectively. Similar with
results of atrial spike detection, the PPVs were ranging
from 94.2% to 100%. However, different LPF demon-
strated quite different NPV, with 26.2% under 40Hz
and 94.7% under 400Hz. The Cohen kappa test
showed that the coherence between remote ECG and
bedside ECG was low at a filter of 150 or 100 Hz and high
at other filters.

The ROC curve was also made based on the programming
results [Figure 4C and 4D]. A filter of 300 Hz cutoff also
had a higher accuracy (AUC=0.93; 95%CI: 0.84-1.00;
P<0.001) than that at 150Hz (AUC=0.86; 95%CI:
0.77-0.94; P <0.001) in detecting ventricular-paced spike
on bedside ECGs. Similar results were observed on remote
ECGs.
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Figure 2: Detection of pacer spike on bedside electrocardiogram at different low-pass filter. (A) 40Hz; (B) 100Hz; (C): 150Hz; (D) 200Hz; (E) 300 Hz.

Discussion

We demonstrated that the modern ECG device with a
recommended 150Hz upper-frequency cutoff cannot
reliably meet clinical requirements of pacemaker spike
detection. Our results suggested that a filter of 300Hz
cutoff may be recommended for ECG spike detection.
Moreover, the performance of remote pace ECG is in
accordance with bedside ECG in condition of upper-
frequency cutoff at 300 Hz.

With an increasing need for patients treated by pacemaker
and their evaluating in outpatient clinic follow-up, the
identification of pacemaker spike is attracting more and
more attention.!*" Pacer stimuli signal, also called pacer
signal or pacemaker spike, is a characteristic performance
in a pacemaker ECG. It presents as a current deflection
wave with short duration and large amplitude. The
amplitude of a pacemaker spike varies with several causes
including the processes of ECG device. One major
parameter is the upper-frequency cutoff of ECG device.
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An upper-frequency cutoff, known as LPF, means that the
filter passes low-frequency si%nals and has a cutoff
frequency at this set parameter.[!

A proper LPF is in urgent need to improve the ECG
diagnosing. Clinicians always use a 40 Hz filter to make the
electrocardiograph waves clear. However, with a filter of
40 Hz cutoff, the stimuli signal of pacemaker can be easily
missed and the ECG may be diagnosed as left bundle
branch block, atrial-ventricular node escape rhythm or
ventricular escape rhythm.®1%131 Our research showed
that only 7.8% atrial spike and 6.1% ventricular pacing
signal can be recognized at this filter. Currently, the AHA/
ACC/HRS guidelines today request a pass band up to 150
Hz for both adult and pediatric ECGs."'>'®! Extensive
publications suggest the cutoff should be raised to 250Hz
at least for children. Moreover, ECG with a 150-Hz filter
could miss detecting pacemaker stimuli.”>'!'”! In our
study, a low rate of pacemaker spike identification at the
fixed 150 Hz was observed (17.2% in atrial spike detection
and 75.8% in ventricular spike). We found that more atrial
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Figure 3: Detection of pacer spike on remote electrocardiogram at different low-pass filter. (A) 40Hz; (B) 100Hz; (C) 150Hz; (D) 200Hz; (E) 300 Hz.

Table 2: Results and diagnostic accuracy of different low-pass filter for detecting atrial-paced spike.

AP detection 40 Hz 100 Hz 150 Hz 200 Hz 300 Hz 400 Hz
Bedside ECG
Sensitivity % (95% CI) 7.8 (2.6-17.3) 14.1 (6.6-25.0) 17.2 (8.9-28.7) 50.0 (37.2-62.8) 59.4 (46.4-71.5) 62.5 (49.5-74.3)
Specificity % (95% CI) 100 (77.2-100) 95.2 (76.2-99.9) 95.2 (76.2-99.9) 90.5 (69.6-98.8) 85.7 (63.7-97.0) 76.2 (52.8-91.8)
PPV % (95% CI) 100 (35.9-100) 90.0 (55.5-99.7) 91.7 (61.5-99.8) 94.1 (80.3-99.3) 92.7 (80.1-98.5) 88.9 (75.9-96.3)
NPV % (95% CI) 26.2 (17.0-37.3) 26.7 (17.1-38.1) 27.4 (17.6-39.1) 37.3 (24.1-51.9) 40.9 (26.3-56.8) 40.0 (24.9-56.7)

Remote ECG
Sensitivity % (95% CI) 6.2 (1.7-15.2) 12.5 (5.6-23.2) 23.4 (13.8-35.7) 48.4 (35.8-61.3) 59.4 (46.4-71.5) 67.2 (54.3-78.4)
Specificity % (95% CI) 100 (77.2-100) 95.2 (76.2-99.9) 100 (77.2-100) 90.5 (69.6-98.8) 85.7 (63.7-97.0) 76.2 (52.8-91.8)
PPV % (95% CI) 100 (28.4-100) 88.9 (51.8-99.7) 100 (69.8-100) 93.9 (79.8-99.3) 93.0 (0.80-0.99) 89.6 (77.3-96.5)
NPV % (95% CI) 25.9 (16.8-36.9) 26.3 (16.9-37.7) 30.0 (19.6-42.1) 36.5 (23.6-51.0) 41.0 (0.26-0.57) 43.2 (27.1-60.5)

AP: Atrial pacing; 95% CI: 95% Confidence interval; NPV: Negative predictive value; PPV: Positive predictive value.
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Table 3: ROC curve for different left-pass filter in detecting atrial-paced spike and coherence between bedside and remote ECG.

Bedside ECG Remote ECG Bedside vs. remote ECG
ltems AUC 95% CI P value AUC 95% CI P value Cohen kappa
40 Hz 0.54 0.40-0.68 0.593 0.53 0.39-0.67 0.669 0.65
100 Hz 0.55 0.41-0.68 0.524 0.54 0.40-0.68 0.596 0.70
150 Hz 0.56 0.43-0.70 0.395 0.62 0.49-0.74 0.109 0.69
200 Hz 0.70 0.59-0.82 0.006 0.69 0.58-0.81 0.008 0.78
300 Hz 0.73 0.61-0.84 0.002 0.73 0.61-0.84 0.002 0.86
400 Hz 0.69 0.57-0.82 0.008 0.72 0.59-0.84 0.003 0.69
AUC: Area under the curve; 95% CI: 95% Confidence interval; ECG: Electrocardiogram; ROC: Receiver operating characteristic.
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Figure 4: Receiver operating characteristic curve for pacer spike detection: (A) for bedside electrocardiogram (ECG) and (B) for remote ECG in atrial-paced spike detecting; (C) for bedside
ECG and (D) for remote ECG in ventricular-paced spike detecting. Se: sensitivity; 1-Sp: 1-specificity.

stimuli pulse could be identified under the general
sampling rate of 500 Hz when LPF was raised more than
150Hz. However, it should be noticed that interference
rate also increased and an appropriate filter should be
provided. In this study, we analyzed 88 patients’ ECGs
and exclaimed that a filter of 300Hz cutoff would be a
better choice for pacing ECGs, especially for atrial-paced
ECGs.
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The performance of ECG spike detection has been
questioned since the widely use of bipolar leads in
1990s. It is known that amplitude of stimuli signal is
related with the interval between the positive pole and
negative pole. Technically, the positive pole of bipolar
leads is located on the annular electrode and negative pole
on the top of pacing electrode. This result in the shorter
distance between 2 poles compared with unipolar leads,
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Table 4: Results and diagnostic accuracy of different left-pass filter for detecting ventricular-paced spike.
VP detection 40 Hz 100 Hz 150 Hz 200 Hz 300 Hz 400 Hz
Bedside ECG

Sensitivity % (95% CI) 1(1.7-14.8) 37.9 (26.2-50.7) 75.8 (63.6-85.5) 92.4 (83.2-97.5) 95.5 (87.3-99.1) 98.5 (91.8-100)
Specificity % (95% CI) 100 (78.1-100) 100 (78.1-100) 95.5 (77.2-99.9) 95.5 (77.2-99.9) 90.9 (70.8-98.9) 81.8 (59.7-94.8)
PPV % (95% CI) 100 (28.4-100) 100 (80.4-100) 98.0 (89.6-100) 98.4 (91.3-100) 96.9 (89.3-99.6) 94.2 (85.8-98.4)
NPV % (95% CI) 26.2 (17.2-36.9) 34.9 (23.3-48.0) 56.8 (39.5-72.9) 80.8 (60.6-93.4) 87.0 (66.4-97.2) 94.7 (74.0-99.9)
Remote ECG
Sensitivity % (95% CI) 1 (1.7-14.8) 33.3 (22.2-46.0) 63.6 (50.9-75.1) 90.9 (81.3-96.6) 93.9 (85.2-98.3) 98.5 (91.8-100)
Specificity % (95% CI) 100 (78.1-100) 100 (78.1-100) 95.5 (77.2-99.9) 90.6 (70.8-98.9) 86.4 (65.1-97.1) 81.8 (59.7-94.8)
PPV % (95% CI) 100 (28.4-100) 100 (78.1-100) 97.7 (87.7-99.9) 96.8 (88.8-99.6) 95 4 (87.1-99.0) 94 2 (85.8-98.4)
NPV % (95% CI) 26.2 (17.2-36.9) 33.3 (22.2-46.0) 46.7 (31.7-62.1) 76.9 (56.4-91.0) 82.6 (61.2-95.0) 94.7 (74.0-99.9)

AUC: Area under the curve; 95% CI: 95% Confidence interval; ECG: Electrocardiogram; NPV: Negative predictive value; PPV: Positive predictive value;
VP: Ventricular pacing.

Table 5: ROC curve for different left-pass filter in detecting ventricular-paced spike and coherence between bedside and remote ECG.

Bedside ECG Remote ECG Bedside vs. remote ECG
Items AUC 95%Cl P value AUC 95% CI P value Cohen kappa
40 Hz 0.53 0.39-0.67 0.672 0.53 0.39-0.67 0.672 0.74
100 Hz 0.69 0.58-0.80 0.008 0.67 0.55-0.78 0.020 0.57
150 Hz 0.86 0.77-0.94 <0.001 0.80 0.70-0.89 <0.001 0.59
200 Hz 0.94 0.87-1.00 <0.001 0.91 0.83-0.99 <0.001 0.89
300 Hz 0.93 0.84-1.00 <0.001 0.90 0.81-0.99 <0.001 0.88
400 Hz 0.90 0.80-1.00 <0.001 0.90 0.80-1.00 <0.001 0.87

AUC: Area under the curve; 95% CI: 95% Confidence interval; ECG: Electrocardiogram; ROC: Receiver operating characteristic.

which is associated with a smaller pacer signal on the ECG.  This study had an inherent major limitation of being a
With a sampling rate of 500 to 1000Hz, current signal  single-center research and the study population is small.
processing system cannot check for bipolar stimuli pulse =~ We did some preliminary clinical studies in this field and
effectively and sampling standard should be updated to fit  discussed the results. Description of a stimuli pulse includes
the current clinical requirements, especially for atrial  duration, amplitude, morphology, and direction. Many
stimuli signal. Clinician can adjust LPF appropriately to  factors can also influence its performance. Here we only
improve ECG performance in pacemaker spike diagnose  analyzed the impact of ECG device on amplitude of pacer
and a 300-Hz filter may be a desirable choice. signal. Other relative parameter should also be discussed
further.
With the development of website technique, remote ECG
diagnostic system is popular and several remote ECG  In conclusion, to avoid the loss of spike, we suggested that
diagnostic platforms have been established in some district ~ a new ECG standard should be developed and a filter of
of Shanghai. Concerns have been raised about whether =~ 300Hz cutoff may be recommended. Under the recom-
remote ECG system is suitable for spike detection. It has  mended upper-frequency cutoff, the remote ECG can be
been proved that remote ECGs can perform well in the  performed as well as bedside ECG.
transmission and diagnosis of nonpaced patients. Howev-
er, comprehensive study about diagnosis of remote
pacemaker ECGs is still limited. In this study, the result
indicated that, under a proper LPF, spike detection of = This work was supported by the project of Shanghai
remote ECGs performs as well as bedside ECGs. Municipal Education Commission (No. 11CXY39 to
Yi-Gang Li), the State Key Program of National
We found that remote ECG had a higher recognition  Natural Science Foundation of China (No. 81530015
rate under higher LPF, but this may increase the to Yi-Gang Li), Shanghai Municipal Commission of
interference rate. Our study showed that the baseline  Health and Family Planning (No. 20134119 to Jian
interference rate of remote ECGs was generally higher  Sun), Funding for Clinical Trial of Xinhua Hospital
than bedside ECGs, which may result in false recogni- (No. 15LC15 to Jian Sun), and Shanghai Jiao Tong
tion. Thus, promotion of transmission system of remote  University School of Medicine grant (No. 13XJ10038
ECG is still needed. to Jian Sun).
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