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Background: Minimizing direct patient contact among healthcare personnel is crucial for mitigating infectious
risk during the coronavirus disease 2019 (COVID-19) pandemic. The use of remote cardiac telemetry as an alter-
native to 12‑lead electrocardiography (ECG) for continuousQTcmonitoringmay facilitate this strategy, but its ap-

plication has not yet been validated or implemented.
Methods: In the validation component of this two-part prospective cohort study, a total of 65 hospitalized pa-
tients with simultaneous ECG and telemetry were identified. QTc obtained via remote telemetry as measured
by 3 independent, blinded operators were compared with ECG as assessed by 2 board-certified electrophysiolo-
gists as the gold-standard. Pearson correlation coefficients were calculated tomeasure the strength of linear cor-
relation between the two methods. In a separate cohort comprised of 68 COVID-19 patients treated with
combined hydroxychloroquine and azithromycin, telemetry-based QTc values were compared at serial time
points after medication administration using Friedman rank-sum test of repeated measures.
Results: Telemetry-basedQTcmeasurements highly correlatedwithQTcvalues derived fromECG,with correlation
coefficientsof0.74, 0.79, 0.85 (individual operators), and0.84(meanof all operators). Among theCOVID-19cohort,
treatment led toamedianQTc increaseof15millisecondsbetweenbaselineand followingthe9thdose (p=0.002),
with8 (12%)patients exhibiting an increase inQTc≥60milliseconds and4 (6%)developingQTc≥500milliseconds.
Conclusions:Cardiac telemetry is a validated clinical tool for QTcmonitoring thatmay serve an expanding role dur-
ing the COVID-19 pandemic strengthened by its remote and continuous monitoring capability and ubiquitous
presence throughout hospitals.

© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The coronavirus disease 2019 (COVID-19) pandemic has trans-
formed individual lives and societal framework on a global scale, and
in no other sector is this more evident than in healthcare. As healthcare
19; PPE, personal protective
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personnel have faced a significantly higher risk of infection, particularly
in the early stages of the outbreak [1,2], mitigating such susceptibility is
vital for the overall health of the healthcare delivery systemand to avoid
nosocomial transmission. The use of personal protective equipment
(PPE) by thosewith the greatest exposure risk, implementation of infec-
tion control strategies, and rigorous compliance with such guidelines
have reduced rates of infection in healthcare personnel. Yet despite
such measures, the relatively long incubation phase coupled with the
variable virulence [3–5], speak to the insidious nature of SARS-CoV-2.

Delivering necessary medical care to all hospitalized patients while
minimizing individual risk among healthcare personnel has been a
major challenge during this time. Unprecedented multilevel disruption
of supply chain networks has led to severe shortages of vital supplies
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such as PPE [6], in turn hampering efforts and transiently limiting the
delivery of services only to those deemed medically essential. Physical
distancing is a powerful protective mechanism to reduce the transmis-
sion of SARS-CoV-2 [7], and therefore, novel strategies tominimize con-
tact between healthcare personnel and patients while still providing
essential care universally must be implemented in order to reopen the
healthcare system.

Opportunity for such an intervention presented early in the out-
break when small observational studies described the use of
hydroxychloroquine and azithromycin to treat infected patients
[8–10]. Both drugs are known to increase the risk of drug-induced Tor-
sades de pointes and sudden cardiac death in at-risk patients [11–13],
thereby necessitating monitoring of the QT interval [14]. While the
use of these therapies has fallen out of favor, the significance of contin-
uous QTc monitoring in COVID-19 patients remains paramount as prior
work reveals that QTc strongly predicts in-hospital mortality in this co-
hort [15], and that irrespective of QTc-prolongingmedications, infected
patients have longer baseline QTc intervals than the general population
[16].

The available strategies for in-hospital QTc monitoring are subopti-
mal for the current context. Although 12‑lead electrocardiography
(ECG) has traditionally been used for this purpose, it requires direct
contact between the caregiver and the patient, and obtaining multiple
readings in high-risk patients is inefficient and labor intensive. While
the first smartphone-enabled personal ECG, AliveCor's KardiaMobile 6
L, was issued allowance by the Food and Drug Administration for QTc
monitoring in response to COVID-19, this technology relies on user in-
volvement and routine use in hospitalized patients would necessitate
considerable upfront expense [17]. In addition, though the use of a
wearable remote monitoring system, the BodyGuardian™, has previ-
ously identified patients at risk for drug-induced long QT syndrome,
this was only validated in the out-of-hospital setting [18]. Cardiac te-
lemetry offers several advantages, including 1) data acquisition that
Fig. 1. Stepwise flowchart of study methodology. The study design includes both a validatio
intervals from lead II of remote telemetry, as well as a COVID-19 cohort study aimed at evalua
and azithromycin on QTc intervals at serial time points. ECG indicates electrocardiography; HC
electronic medical record.
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demands no action on the part of the patient or the caregiver, 2) remote
capability for data analysis, 3) continuousmonitoring for immediate de-
tection of cardiac arrhythmia, and4) ubiquitous presence in all hospitals
worldwide.

In our two-part study, we sought to first validate a “no-touch”
method using cardiac telemetry for serial tracking of QTc intervals,
and second, implement telemetry in a clinical protocol designed specif-
ically for QTc monitoring in COVID-19 patients treated with
hydroxychloroquine and azithromycin, to determine its real-life appli-
cation in the pandemic.

Material and methods

Study methodology is illustrated in Fig. 1, and comprises two sepa-
rate cohorts used to validate and clinically implement cardiac telemetry
for remote and serial monitoring of QTc intervals in hospitalized pa-
tients. The protocol was approved by the Cleveland Clinic Institutional
Review Board.

Phillips real-time cardiac telemetry was used for QT interval mea-
surement and compared with traditional standard 12‑lead ECG. The
Philips real-time cardiac telemetry system digitized the signal at a sam-
ple rate of 500 samples/s and a high-pass frequency limit of 0.05Hz. Uti-
lizing 5 surface electrodes, the system provides 7 ECG waveform leads:
limb (I, II, III), augmented (aVL, aVF, aVR), and precordial lead (V1). En-
abled by the AirStrip ONE integrative platform, patientwaveformswere
accessed virtually, obviating the need for direct patient contact. Auto-
mated QTc intervals normalized for heart rate were not available via te-
lemetry at the time of our study, and therefore, QTc values were
calculated from measured QT intervals obtained using freeze capture
of rhythm ECG strips. Using only lead II, QT intervals were manually
measured from the onset of the Q wave to the offset of the T wave, de-
fined by the threshold method as the point at which the T wave merges
with the isoelectric baseline [19–21]. QTc intervals were then calculated
n component designed to assess the accuracy and precision of manually-calculated QTc
ting the clinical implementation of telemetry to assess the impact of hydroxychloroquine
Q, hydroxychloroquine; AZTH, azithromycin; HR, heart rate; EP, electrophysiology; EMR,



Table 1
Assessment of the precision of QTc measurements obtained by remote cardiac telemetry
and 12-lead electrocardiography.

Mode of QTc
measurement

Mean QTc ± Standard
deviation (ms)

95% Confidence interval
(ms)

Telemetry (CL) 432 ± 33 (424, 440)
Telemetry (TF) 432 ± 36 (423, 441)
Telemetry (TS) 430 ± 41 (420, 440)
Telemetry (average) 431 ± 34 (422, 440)
12-lead ECG (GS) 443 ± 31 (435, 450)

n = 63. MS indicates millisecond; GS, gold-standard. Telemetry operators: CL, TF, TS.
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using the following approaches: 1) Bazzett equation, correcting the QT
with the RR interval of the preceding beat, if the heart rate was
60–100 bpm, 2) Framingham equation if the heart rate was <60 or >
100 bpm, 3) average of multiple QT measurements in the presence of
atrial fibrillation, and 4) correction of the QTc, by subtracting the differ-
ence in QRS lengthening, in the presence of a wide QRS (>120ms) [22].

Validation cohort

Sample size estimation was made prior to conducting the study to
achieve a power of 0.9 with a one-sided alpha of 0.025. Accordingly, a
total of 65patients hospitalized at Cleveland Clinic FairviewHospital be-
tween May 4–8, 2020, with a need for 12‑lead ECG for any indication
and available concurrent cardiac telemetry, were identified at random.
Using only lead II, three operators (TS, TF, CL) independently and in a
blinded fashion, sampled three random QT interval measurements for
each patient from a remotely accessed digital telemetry rhythm strip
coinciding in time±) 60 s) with the time-date-stamped 12‑lead ECG.
Telemetry waveforms were displayed at 25 mm/s sweep speed and 10
mm/mV voltage scale. QTc values were subsequently calculated from
each of the three measured QT intervals and reported as a mean value
per individual operator and collectively. QTc values were similarly de-
rived from 12‑lead ECG. Manual measurements of QT intervals were in-
dependently performed by two board-certified electrophysiologists
(RC, CT), using lead II displayed at 25 mm/s sweep speed and 10 mm/
mV voltage scale. When the offset of the T wave could not be defined
with certainty in lead II, an alternative ECG lead (V5 or V6) was used
for QT interval measurement [23]. ECG-derived QTc values were calcu-
lated, reported as a mean, and used as a gold-standard for comparison.

To assess the accuracy in the telemetry-based QTc acquisition
method, we compared QTc values obtained simultaneously via remote
telemetry and 12‑lead ECG. To evaluate the precision of the telemetry-
based QTc approach, mean QTc values by each of the operators were
compared for inter-rater reliability.

Implementation cohort

Utilizing telemetry-based remote monitoring, serial QTc intervals
were compiled for analysis in a cohort of 68 symptomatic patients
with COVID-19 treated with combined hydroxychloroquine and
azithromycin. This population was identified by reviewing the elec-
tronicmedical recordwithin the Cleveland Clinic Health System. The di-
agnosis of COVID-19 was confirmed by a positive nasal swab test. The
standard regimen included oral hydroxychloroquine 400 mg twice
daily on day 1 followed by 200 mg twice daily on days 2–5 and intrave-
nous azithromycin 500mg daily on days 1–5, with drug administration
timed to coincide (Supp. Fig. 1). For all patients, QTc values were re-
corded at baseline and 2 h after each drug dose administration. This
timing was selected based upon previously reported peak plasma con-
centrations of hydroxychloroquine and azithromycin at 2–4 h [24,25].
QTc monitoring continued throughout hospitalization while being
monitored via telemetry. To assess the ability of telemetry to detect
the applied effect of hydroxychloroquine and azithromycin on QTc in-
tervals, mean QTc values were compared at serial time points of drug
administration.

Statistical analysis

Continuous variables are expressed as mean ± standard deviation.
Normal Q-Q plots and normality tests showed that QTc derived from
both telemetry and 12‑lead ECG were normally distributed. A compari-
son of telemetry-based QTc measurements was made with the gold-
standard QTc. Pearson correlation coefficient was calculated to measure
the strength of linear correlation. Agreement was quantified utilizing
Lin's concordance correlation coefficient. Concordance correlation coef-
ficients and associated 95% confidence intervals (CI) were calculated,
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comparing standard 12‑lead ECG-based QTc with each of three teleme-
try operators individually and collectively, using the CCC function in the
DescTools package or the epi.ccc function in the epiR package of R. Agree-
ment was further assessed using an equivalence test for paired samples
implementedwith the TOST (−25, 25) option in the TTEST procedure of
SAS, with equivalence margin (−25, 25 milliseconds), one-sided α of
0.025, and a (1 – α) CI. The intraclass correlation coefficient (ICC) was
calculated to quantify the inter-rater reliability among the telemetry op-
erators. The variance values were obtained from one-way analysis of
variance implemented in the GLMprocedure of SAS, where each subject
was set both as a fixed effect and as a random effect. As a separate anal-
ysis, we used the Friedman rank-sum test of repeatedmeasures to eval-
uate statistically significant differences betweenQTcwith serial doses of
hydroxychloroquine and azithromycin in the COVID-19 cohort. All data
were de-identified for analysis. Statistical analysis was performed with
the open-source R software version 3.6.2 (R Foundation for Statistical
Computing, Vienna, Austria) and the SAS software version 9.4 (SAS In-
stitute, Cary, North Carolina, USA).
Results

MeanQTcmeasurements obtained by telemetry and 12‑lead ECG are
reported in Table 1. Telemetry-based QTc measurements highly corre-
lated with gold-standard QTc values derived from 12‑lead ECG. Mean
QTc reported by all 3 telemetry operators showed a strong linear corre-
lationwith the gold-standard, with Pearson's correlation coefficient cal-
culated as 0.74 (operator: TS), 0.79 (operator: TF), 0.85 (operator: CL),
and 0.84 (mean of all 3 operators). Lin's concordance correlation coeffi-
cients showed good overall agreement between the twomethods, with
concordance correlation coefficients (95% CI) of 0.67 (0.53–0.78), 0.74
(0.61–0.83), 0.80 (0.66–0.87) and0.78 (0.68–0.86) for individual telem-
etry operators TS, TF, CL, and collectively averaged, respectively.

Simultaneous QTc measurements derived from telemetry by three
distinct operators were similar with very good inter-rater reliability ob-
served by a calculated ICC of 0.81 (0.74–0.88). Of note, extreme QTc
measures were observed in two patients as a result of telemetry opera-
tors' incorporation of the U wave into the QT interval; both data sets
were removed from the analysis.

Equivalence tests for paired samples comparingmean differences in
QTc values between the gold-standard and all telemetry operators, with
predefined equivalence margins of −25 to 25 milliseconds, are shown
in Table 2. The null hypothesis of nonequivalence was rejected (p <
0.001) in all cases, indicating that mean QTc differences did not exceed
the preset margin.

In the cohort of patients with COVID-19 treated with combination
hydroxychloroquine and azithromycin and who underwent telemetry-
based remote monitoring (n = 68), serial QTc intervals were compiled
for analysis. The median QTc at baseline and following each dose of
hydroxychloroquine and azithromycin or hydroxychloroquine alone
are presented in Fig. 2, with a statistically significant increase in QTc of
15 milliseconds [interquartile range (−2, 41)] between baseline and
following the 9th dose (p = 0.002) by Friedman rank-sum tests of re-
peated measures. Fig. 3 reports both the parallel coordinates plot for



Table 2
Evaluation of the accuracy of QTc measurements between paired methods.

GS vs telemetry (CL) GS vs telemetry (TF) GS vs telemetry (TS) GS vs telemetry (average)

Mean difference (95% CI) (ms) 10.9 (6.5, 15.4) 10.9 (5.3, 16.6) 12.8 (5.9, 19.7) 11.6 (6.8, 16.3)
Test of lower bound (p)a <0.001 <0.001 <0.001 <0.001
Test of upper bound (p)a <0.001 <0.001 <0.001 <0.001

n = 63. MS indicates millisecond; GS, gold-standard. Telemetry operators: CL, TF, TS.
a P-values for comparisons of 95% confidence intervals of mean differences with a margin of (lower bound−25, upper bound +25).
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telemetry-measured QTc at baseline and following each dose of
hydroxychloroquine and azithromycin, as well as box plots indicating
the distribution of differences between repeated measures of QTc with
serial doses. Significant differences in QTc were found after the 9th drug
dose administration compared with the QTc at baseline (p= 0.02) and
Fig. 2. Telemetry-based QTc at baseline and following each dose of hydroxychloroquine
and azithromycin in COVID-19 patients (n = 68). The X-axis represents the number of
doses (either hydroxychloroquine alone or hydroxychloroquine and azithromycin) and
the Y-axis represents the median QTc interval in milliseconds as measured by remote
telemetry. The QTc values measured at baseline and after each drug dose administration
were not normally distributed. To account for within-subject variability in QTc
measurements at baseline and after each dose, post-hoc analysis of Friedman rank-sum
tests was employed.

Fig. 3. Differences in telemetry-measured QTc values with serial doses of hydroxychloroqu
telemetry-measured QTc at baseline and following each drug dose administration in COVID-1
QTc with serial drug dose administration. The X-axis represents the dose considered and the
doses. The box plot indicates the distribution of differences between repeated measures of Q
box plots from left to right, there were statistically significant differences between QTc meas
1st (p = 0.004), 2nd (p = 0.004), 4th (p = 0.006), 5th (p = 0.01), 6th (p = 0.02), and 7th (p
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following the 1st (p=0.004), 2nd (p= 0.004), 4th (p= 0.006), 5th (p
=0.01), 6th (p=0.02), and 7th doses (p=0.02), separately. Addition-
ally, eight (12%) patients showed an increase in QTc ≥ 60 milliseconds,
and four (6%) developed QTc ≥ 500 milliseconds.

Discussion

Using a novel “no-touch” telemetry-based approach to QTcmonitor-
ing, our primaryfindings are twofold: 1) telemetry-based QTcmeasure-
ments are highly accurate relative to gold-standard 12‑lead ECG, and
precise among three trained independent operators competent in mea-
suring cardiac intervals; 2) initially validated in a general hospitalized
population, this method can be successfully implemented in the clinical
setting as demonstrated by its utilization in COVID-19 patients who ex-
perienced a significant increase in QTc after treatment with
hydroxychloroquine and azithromycin. Our results lend credence to te-
lemetry as a valid clinical tool for QTc monitoring in place of standard
12‑lead ECG, thereby minimizing direct patient contact and mitigating
infectious risk among healthcare personnel and patients alike.

Notwithstandingperfect agreement, themeanQTc difference of 11.6
±19.3milliseconds between telemetry and ECG in our study is inconse-
quential, coinciding with less than half of a millimeter measured on
standard ECG paper speed (25 mm/s). Moreover, this discrepancy is in
line with prior studies comparing QTc monitoring using wireless
smartphone ECG acquisition technology (AliveCor KardiaMobile) and
12‑lead ECG [26,27]. Collectively, our findings support telemetry as a
method for QTc monitoring in place of standard 12‑lead ECG.

In the separate prospective cohort analysis applying the validated
method for temporal QTc monitoring in COVID-19 patients, our results
ine and azithromycin in COVID-19 patients (n = 68). Left) Parallel coordinates plot for
9 patients. Right) Post-hoc analysis of Friedman rank sum tests of repeated measures of
Y-axis represents the difference between the measured QTc between the two considered
Tc with serial doses of hydroxychloroquine and azithromycin. As indicated by the green
urements after the 9th dose when compared with baseline (p = 0.02) and following the
= 0.02) doses, separately.



N. Kassis, C. Tanaka-Esposito, R. Chung et al. Journal of Electrocardiology 67 (2021) 1–6
are consistent with prior studies that demonstrate a significant increase
in the QTc interval with treatment [28–32], further supporting the clin-
ical application of telemetry-based monitoring, particularly in cohorts
posing exposure risk and who warrant minimal direct contact.

COVID-19 has taken a dramatic toll on the health of societies
worldwide. At the onset of the outbreak, the initial response by
health systems was to reduce the intensity of care delivery. Although
transient and necessary, an unintended outcome was subsequent de-
ferment in health care needs. The Kaiser Family Foundation poll re-
ported that 48% of Americans delayed medical care due to the
pandemic, of whom 11% noted worsening in their medical condition
[33]. In another survey by the American College of Emergency Physi-
cians, 80% feared contracting COVID-19 from visiting the emergency
room, while 29% avoided seeking medical care specifically because
of these concerns [34]. Centers around the world observed a signifi-
cant reduction in hospitalizations for acute myocardial infarction
and ischemic stroke, and consequently reported adverse yet poten-
tially avoidable consequences [35–39]. Thus, eliminating the provision
of healthcare services is not a sustainable solution during the COVID-
19 pandemic.

In its current state, the primary goal of the health system is to restore
the public's confidence and sense of security in seeking medical care
during the COVID-19 pandemic; prioritizing healthcare personnel
safety is at the forefront of rebuilding this trust. The Centers for Disease
Control and Prevention issued updated recommendations for infection
prevention and control for healthcare personnel, with emphasis on uni-
versal screening, PPE use, and physical distancing [40]. While avoiding
exposure entirely is the most effective means of mitigating risk, this is
not practical, and potentially harmful in the clinical setting. Instead, it
is incumbent upon the healthcare community to seek andmaximize op-
portunities to limit non-essential physical contact between healthcare
personnel and hospitalized patients. We have successfully demon-
strated a novel “no-touch” cardiac telemetry-based approach for QTc
monitoring in COVID-19-infected patients treated with drugs with ar-
rhythmogenic potential. Importantly, we understood the sharp decline
in the utility of these agents to treat the infection, and instead aimed
to test the ability to clinically implement telemetry as QTc monitoring
becomes increasingly critical [15,16] and for valid options in future un-
foreseen circumstances.

While the primary application of cardiac telemetry in current prac-
tice is arrhythmia detection in hospitalized patients, we believe it holds
greater potential and expanding clinical use. Our focus on telemetry as
a non-contact method for QTc monitoring in patients with COVID-19
treated with proarrhythmic drugs stands as an important application.
Similarly, telemetry may further replace serial 12‑lead ECGs used in an-
tiarrhythmic drug loading protocols, allowing safe uninterrupted deliv-
ery of necessary elective services throughout the duration of the
pandemic. Furthermore, telemetry holds great promise as a tool for
predicting ventricular arrhythmias. Heightened QTc variability has
been described in certain pathophysiologic states and shown to predict
increased risk for potentially lethal arrhythmias and cardiovascular
death [41–49]. The continuous recording nature of telemetry lends it-
self to advanced diagnostics that can provide granular insight beyond
mere static measurement of QTc, and may offer automated serial anal-
ysis of simultaneous ECG leads as previously demonstrated by digital
Holter recordings [50]. With increasing metadata that necessitates a
standardized exchange between a growing number of ECG devices,
the use of digital and continuous recordings is paramount for accurate
and precise ECG measurements such as QTc. The advent of the
internationally-recognized Standard Communication Protocol for
Computer-Assistant ECG, for instance, has facilitated open, secure stor-
age and exchange of full or select ECG sequences between operating
systems, in turn optimizing the interpretation and serial analysis of
large data, and ultimately allowing for more reliable and efficient
diagnostics.51
5

Limitations

The main limitation of the method validated and employed in our
study is the labor-intensive nature ofmanual QT intervalmeasurements
and QTc calculations. However, the hand-operated nature of our
method with attention to use the most appropriate QT correction for-
mula in each instance, resulted in highly accurate QTc values that
were made readily available and easily applicable by all caregivers irre-
spective of experience or knowledge in the nuances of QTc determina-
tion. The future of automated QTc via telemetry holds great promise if
algorithms consider the application of the most appropriate correction
formula in a given circumstance.

Conclusions

Our prospective cohort study validates the use of remote cardiac te-
lemetry as a novel “no-touch” approach to QTcmonitoring. In light of its
capability for remote continuous monitoring and ubiquitous presence
throughout hospitals, our findings suggest that telemetry may replace
12‑lead ECG during the COVID-19 pandemic and in similar times that
warrant avoidance of patient contact to mitigate infectious risk among
healthcare personnel. The COVID-19 pandemic will undoubtedly re-
shape our society in lasting ways. Healthcare must embrace this time
as an opportunity to revise existing practices and encourage innovation
to build a more safe and resilient future.
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