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Abstract 
Background: Holter electrocardiogram (ECG) is the gold standard for 
ambulatory monitoring of atrial fibrillation (AF) but it is insufficient 
because of its limited recording time. Although several consumer ECG 
devices provide longer recording time, they generally do not undergo 
the regulatory process for medical use. Furthermore, current medical-
grade devices for longer ECG monitoring are not continuous or too 
invasive for AF monitoring. A wearable ECG with a medical-grade dry 
textile electrode is a promising technology to remedy this limitation. 
This pilot study aimed to simultaneously compare the wearable and 
Holter ECGs for ambulatory monitoring in a clinical setting. 
Methods: This prospective observational study enrolled 18 patients 
who underwent AF ablation. One day after AF ablation, ambulatory 
ECG was obtained for three hours simultaneously using both the 
wearable and Holter ECG devices. Automatic ECG interpretations 
between devices were compared with correlation and agreement 
analyses. 
Results: Simultaneous ECG monitoring demonstrated a comparable 
analysis time and total heart beats between the two devices. Almost 
complete correlation and agreement were also demonstrated in all 
clinically relevant testing aspects except in R-wave amplitude (r = 
0.743, p < .001). AF was detected in three patients. AF duration was the 
same in both ECG devices in two patients with continuous AF. In the 
remaining patient with intermittent AF, AF duration was shortened by 
0.6% with the wearable ECG as compared to that with the Holter ECG. 
Conclusions: Simultaneous ECG comparison revealed a high 
consistency between the wearable and Holter ECG devices. The results 
of this study warrant further clinical studies for long-term monitoring 
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of ambulatory ECG after AF ablation.
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Introduction
Atrial fibrillation (AF) is the most prevalent form of arrhythmia with an increasing incident worldwide; it is associated
with an increased lifetime risk of stroke, heart failure, myocardial infarction, dementia, and mortality.1,2 Whether AF
presents or not is crucial for making a clinical decision regarding treatment strategy. Accordingly, long-term monitoring
with an electrocardiogram (ECG) is essential for the management of AF, which can present with short and silent forms,
especially those treated with catheter ablation.3,4

Conventional ECG monitoring for medical examination is limited to 24 h. Although long-term monitoring devices have
revealed under-detection of AF via Holter ECG,5,6 they also have shortcomings. A cardiac event recorder cannot provide
continuous monitoring, while an implanted loop recorder is too invasive for mere AF monitoring. Although several
consumer devices have been marketed recently, their ECG results are sometimes not precise and are very noisy.7

Furthermore, those devices generally do not undergo the regulatory process for medical use. Therefore, AF patients are
still in need of a medical-grade device for long-term non-invasive and continuous ECG monitoring.

Recently, a novel dry textile electrode “hitoe®” (Toray Industries Inc., Tokyo, Japan) has been registered as a medical
device for wearable ECG in Japan (13B1X0001500034). The hitoe® is highly conductive for recording ECG in a non-
invasive and continuous manner.8 Wearable ECG with hitoe® demonstrated its usefulness for a few minutes in healthy
volunteers.9 However, consistency between the wearable and Holter ECG has not been evaluated simultaneously in
clinical settings. Therefore, this pilot study aimed to simultaneously compare both devices for ambulatory ECG
monitoring after AF ablation.

Methods
Recruitment
This prospective observational study enrolled 18 patients (14 males and 4 females) with AF who were admitted for
catheter ablation to the University of Tsukuba Hospital from August 2017 to March 2018. Eligible patients were aged
20 years or older (legal adult in Japan) with an under-bust size between 84 and 100 cm (suitable circumference for the
wearable ECG). To avoid the potential risk of skin-related issues associated with ECGmonitoring, we excluded patients
with known skin allergy and skin sensitivity to adhesive tape as denoted by a history of redness, erosion, and scarring post
exposure.

All participants provided written informed consent before enrollment. This study complied with the Japanese Ethical
Guidelines forMedical and Health Research Involving Human Subjects as well as the Declaration of Helsinki. The study
protocol was approved by the Review Committee of University of Tsukuba Hospital (H29-88).

REVISED Amendments from Version 1

According to the reviewer’s request, we have added a new figure showing simultaneous electrode placement of the two
systems to the study design of the revisedmethods section. Previous figures #1 to 3have been renumbered as figures #2 to
4 according to this change.

In response to the reviewer’s question, a strength of ECG monitoring using the hitoe electrode has been described in the
background section of the revised abstract as follows. “Although several consumer ECG devices provide longer recording
time, they generally donot undergo the regulatory process formedical use. Furthermore, currentmedical-grade devices for
longer ECG monitoring are not continuous or too invasive for AF monitoring.”

We have deleted the description of McNemar’s test from the statistical analysis of the revised methods section.
Because categorical variables of the patient characteristics were identical between the two devices, there was no need
for comparison. This correction owes the reviewer to her appropriate pointing out. According to the reviewer’s request,
detailed methods including an approach to artifact removal have been clarified in the methods section of the revised
manuscript.

According to the reviewer’s request, we have defined the CHADS2 score in the revised results section as follows.
“The CHADS2 score estimates stroke-risk in AF, which includes chronic heart failure, hypertension, diabetes, and age ≥75
years for one point each, and history of stroke or transient ischemic attack as two points.”

We have added a new reference to the revised discussion section for responding to the reviewer’s comments on impact of
gender differences and sweat on ECG recording using the hitoe electrode. According to this change, previous references
#20 and # 21 have been renumbered as references #21 and # 22 respectively.

Any further responses from the reviewers can be found at the end of the article
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Study design
Ambulatory ECGwas simultaneously obtained from both wearable and Holter ECGs for 3 h on the day after AF ablation,
which mainly consisted of electrical isolation of the pulmonary veins from the left atrium.10 The ECGwas recorded via a
bipolar CC5 lead from dry textile electrodes (wearable ECG) as well as via wet gel electrodes (Holter ECG). Both ECG
recordings were interpreted by the same automatic analyzer to avoid a reporting bias. The simultaneous ECG comparison
eliminated length and lead-time biases between the two devices. In addition, a dropout bias was reduced by an in-hospital
ECG recording on the day after AF ablation. All electrodes were carefully positioned to avoid interference from each
other (Figure 1).

The wearable ECG system was developed by Toray Industries Inc. (Tokyo, Japan) as a smart bra-type device equipped
with the dry textile electrode (hitoe®). The electrode consisted of woven nanofibers coated with a highly conductive
polymer (PEDOT-PSS). An insulated electro-conductive lead ribbon was connected between the electrodes, and a
connector terminal was utilized for signal transmission.9

Holter ECG recording was obtained using a conventional Ag/AgCl electrode (Cardyrode-P®, SUZUKEN Co., Ltd.,
Nagoya, Japan). An electroconductive gel surrounded the electrode for skin adhesion. The conventional electrodes were
equipped with connecting cables between them and utilized a connector terminal for signal transmission.

Because both devices were not waterproof, bathing and showering were prohibited during the three-hour study period.
MRI was also prohibited to avoid thermal skin injury secondary to an induced electromotive force evoked by time-
varying magnetic fields in the presence of electrical monitoring devices.11

Measurements
The ECG signal was transmitted to a Holter ECG recorder (Kenz Cardy 303 Pico+®, SUZUKEN Co., Ltd.). Recordings
obtained from the wearable and Holter ECG devices were interpreted using the same automatic analyzer (Kenz Cardy
Analyzer 05®, SUZUKEN Co., Ltd.).

Analysis time was defined as the signal recording time after artifact removal. Tiny spikes, notches, large baseline swings,
widened isoelectric line, loss of ECG signal, and electromagnetic interference were manually removed as artifacts.9

Based on template matching, the automatic analyzer categorized QRS morphologies into a normal QRS complex, atrial
premature complex (APC), ventricular premature complex (VPC), and noise signal. Noise signals were excluded from
the calculation of total QRS complexes.

TheR-wave amplitudewasmeasured from the PQ segment to the top of theRwave andwas averaged over 10 consecutive
beats of normal QRS complexes, which were obtained simultaneously from both devices for comparison. AF was
detected based on any RR interval irregularity lasting over 30 s.12 Noise signals and VPCs were excluded from the RR
interval analysis for AF detection. The number of AF episodes and the total AF duration were compared between the
wearable and Holter ECG.

Figure 1. Simultaneous positioning of textile and gel electrodes.Bipolar electrodes for CC5 leadwere positioned
to avoid interference between textile and gel electrodes.
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Statistical analysis
Categorical variables were summarized as numerical counts (percentages). Continuous variables were expressed asmean
� standard deviation (SD) or asmedian (interquartile range [IQR]) andwere compared using the paired t-test orWilcoxon
signed-rank test. Normality was assessed using the Shapiro-Wilk test. Agreement ofmeasurements between the wearable
and Holter ECG was assessed with the Bland-Altman analysis for normally distributed variables. Alternatively, the
Passing-Bablok analysis was used for non-normally distributed variables. Correlations between the wearable and Holter
ECGwere evaluated using Pearson’s or Spearman’s analysis. Theminimum sample size to detect a correlation coefficient
(≥ 0.70) differing from zero (power 0.8; alpha 0.05) was 13 for Pearson’s and 15 for Spearman’s analysis.13 A two-tailed
P-value < .05 was considered significant. Statistical analyses were performed using IBM SPSS Statistics for Macintosh,
Version 26 (IBM Corp., Armonk, N.Y., USA) (RRID:SCR_019096) and SciStat Version 2.9 (MedCalc Software Ltd.,
Ostend, Belgium) (RRID:SCR_021918).

Results
A total of 18 patients with AF were included in this study (Table 1). The majority of patients were men with non-
paroxysmal AF. Two-thirds of AF ablation cases were completed within the first session. The most frequent CHADS2
scorewas 1. TheCHADS2 score estimates stroke-risk inAF,which includes chronic heart failure, hypertension, diabetes,
and age ≥75 years for one point each, and history of stroke or transient ischemic attack as two points. All patients
completed the three-hour ambulatory ECG recording, which was simultaneously obtained from the wearable and Holter
ECG. None of the patients demonstrated skin issues associated with the electrodes. Representative examples of
simultaneous ECG are shown in Figure 2.

There was no difference in analysis time, the number of QRS complexes, heart rate, and R-wave amplitude between the
devices (Table 2), and almost complete correlation was demonstrated in those parameters (Figure 3A–C), with the
exception of R-wave amplitude (Figure 3D). The Bland-Altman analysis revealed a small bias with narrow 95% limits of
agreement in analysis time, the number of total QRS complexes, and heart rate between devices (Figure 3E–G). R-wave
amplitude, however, demonstrated poor agreement (Figure 3H).

The number of APCs and VPCs did not differ between the two devices (Table 2). A very strong correlation in the number
of APCs (ρ = 0.98; P < .001) and VPCs (ρ = 0.87; P < .001) was also demonstrated. The Passing-Bablok analysis
demonstrated the absence of systemic and proportional bias in the number of APCs and VPCs (Table 3). Noise signals,
however, were more frequent in the wearable ECG than in the Holter ECG (Table 2). There was no correlation between

Table 1. Patient characteristics.

Demographics (N=18)

Age, years, mean � SD 66 � 11

Male, n (%) 14 (78)

BMI, kg/m2, mean � SD 23.8 � 1.9

Types of AF, n (%)

Paroxysmal AF 8 (44)

Persistent AF 8 (44)

Long-standing persistent AF 2 (11)

Sessions of AF ablation, n (%)

First session 12 (67)

Second session 5 (28)

Third session 1 (5)

CHADS2 score, n (%)

0 2 (11)

1 11 (61)

2 4 (22)

3 1 (6)

AF, atrial fibrillation; BMI, bodymass index; CHADS2, Congestive heart failure, Hypertension, Age ≥75, diabetes mellitus, previous stroke/
transient ischemic attack; SD, standard deviation.
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the two devices with regard to noise count (ρ = –0.16; P = .54). The agreement in noise count was not demonstrated
(Table 3). Furthermore, a difference in noise count was negatively correlated with the difference in R-wave amplitude
(ρ = –0.52; P = .03).

An episode of skin contact failure of the textile electrode occurred in the fifth case (open circle in Figure 3). Accordingly,
the wearable ECG demonstrated a shorter analysis time (164 vs. 190 min, Figure 3A, E) and a smaller number of QRS
complexes (10,352 vs. 12,259 counts, Figure 3B, F) than the Holter ECG in this case. The patient was a non-obese (body
mass index, 23.8 kg/m2) 72-year-old man who underwent a second ablation for paroxysmal AF with a CHADS2 score of
1 for comorbid hypertension. AVelcro adjuster was then applied to the wearable ECG for all cases thereafter. This action
prevented skin-electrode contact failure in the remaining 13 cases.

AF was detected in three patients. Two of these patients had a continuous AF episode. AF duration was completely equal
between the two devices in both patients (196 and 225 min, respectively). In the remaining patient, the Holter ECG

Figure 2. Simultaneous tracing from wearable ECG (A) and Holter ECG (B). Electrodes were positioned to
compose a bipolar lead CC5 in both ECG devices. ECG, electrocardiogram; HR, heart rate.

Table 2. Simultaneous analysis of ECG recordings.

Variables (N=18) Wearable ECG Holter ECG P-value

Parametric analysis

Total analysis time, min 207 � 24 208 � 21 .33

Total heart beats (per three hours) 16883 � 3623 17116 � 3298 .06

Average heart rate, bpm 82.2 � 11.4 82.3 � 11.3 .16

R-wave amplitude, mV 1.75 � 0.96 1.88 � 0.87 .44

Non-parametric analysis

APC count (per three hours) 39 (6–83) 38 (5–83) .54

APC burden, % 0.21 (0.03–0.48) 0.22 (0.03–0.48) .27

VPC count (per three hours) 2 (0–33) 2 (0–34) .72

VPC burden, % 0.01 (0.00–0.20) 0.01 (0.00–0.20) .54

Noise count (per three hours) 113 (25–166) 9 (3–56) .03

Noise burden, % 0.62 (0.15–1.11) 0.06 (0.02–0.34) .02

APC, atrial premature complex; ECG, electrocardiogram; VPC, ventricular premature complex. Variables are shown as mean � standard
deviation or median (interquartile range).
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demonstrated sevenAF episodes (99min in total), whereas thewearable ECGdetected nineAF episodes (96min in total).
AF episodes were fragmented by increased noise signals on the wearable ECG as compared to the Holter ECG (888 vs.
515 counts). Most of the increased noise signals on the wearable ECG were counted as normal QRS complexes on the
Holter ECG (Figure 4).

Discussion
This pilot study evaluated whether wearable ECG using the hitoe® electrode would demonstrate simultaneous consis-
tency with Holter ECG in a typical clinical setting. Ambulatory ECG monitoring after AF ablation was found to have
generally consistent findings between the two devices (Figure 3), although a slight discrepancy was found as follows.
The wearable ECG demonstrated a 0.6% increase in noise signals on counting, which was related to a negative difference
in R-wave amplitude as compared to the Holter ECG. The increased amount of noise signal caused a total 3-min (0.6%)
interruption in recorded AF episodes. This is the first study demonstrating that the wearable ECG using the hitoe®

electrode is a promising medical device for ambulatory AF monitoring without remarkable discrepancy against
Holter ECG.

Simultaneous consistency in clinical setting
This study evaluated the use of dry textile electrodes (hitoe®) in ambulatory ECGmonitoring for the first time in patients
with AF. Wearable ECG devices are usually evaluated in healthy subjects for a very short monitoring period.14,15 Use of
a hitoe® textile ECG was previously reported to demonstrate consistency with Holter ECG in healthy volunteers for
3.5 min of sequential comparison.9 Our study extended the feasibility of this ambulatory ECG monitoring period with
hitoe® for up to three hours and expanded it into clinical settings, showing simultaneous consistency with Holter ECG
(Table 2, Figure 3). These results of inpatient ambulatory ECG monitoring after AF ablation warrant further study for
outpatient applications.

Figure 3. Correlation and Bland-Altman analysis between wearable and Holter ECGs. The scatterplot diagrams
(A–D) illustrate correlation analysis with Pearson’s coefficient (r) and P values. The Bland-Altman plots (E–H) show a
bias (solid line) with 95% limits of agreement (dotted line). Each dot represents paired values derived from all
patients. An open circle indicates a patient with skin-electrode contact failure. ECG, electrocardiogram.

Table 3. Passing-Bablock analysis between wearable ECG and Holter ECG.

Variables Intercept (95% CI) Slope (95% CI)

APC count (per three hours) 0.00 (–0.65–1.60) 1.00 (0.96–1.02)

VPC count (per three hours) 0.00 (–0.03–0.00) 1.00 (0.87–1.06)

Noise count (per three hours) –295 (not calculated) 48.3 (not calculated)

APC, atrial premature complex; CI, confidence interval; ECG, electrocardiogram; VPC, ventricular premature complex.

Page 7 of 15

F1000Research 2022, 11:97 Last updated: 22 AUG 2022



Noise signal and R-wave amplitude
Our simultaneous comparison revealed a slight increase in noise signals from hitoe® as compared to Holter ECG
(Table 2). Wearable ECG sensors were regarded previously as having 5–10% higher noise signals than Holter ECG
during ambulatory monitoring.14 Functional twisting movements were also reported to introduce up to 35% higher noise
signals from a shirt-type ECG sensor with hitoe® as compared to Holter ECG.9 Recently, a bra-type ECG sensor was
reported to have better skin contact and signal quality versus a shirt-type sensor.15 The bra-type ECG sensor using hitoe®

equipped with a Velcro adjuster (Figure 2) demonstrated only 0.6% higher noise signals against Holter ECG when
measuring around 17 thousand beats during a three-hour simultaneous ambulatory monitoring period.

Bra-type equipment is widely used to improve ECG acquisition through textile electrodes because the electrodes are
highly sensitive to motion artifacts.16 Similar to our results, the R-wave amplitude has been reported to decrease with
textile electrodes.16,17 Better skin-electrode contact can result in a smaller R-wave amplitude; however, that change has
been reported to be small.18 Furthermore, ECG signals become clear with better skin-electrode contact.19 Therefore, the
skin-electrode contact should be maintained as much as possible. The potential risk of noise signal count increase owing
to skin contact failure when using textile electrodes can be reduced by using a bra-type ECG with a Velcro adjuster.
In contrast to the bra-type equipment, a shirt-type equipment covers the female breast tissue. The shirt type-equipment
with hitoe® electrode was reported to demonstrate poor recorded data in few females during a marathon in a previous
study.20 The merit of bra-type equipment uncovering the breast tissue warrants further investigation to test a comparable
ambulatory recording between female and male using hitoe® electrode.

An automatic analyzer (Kenz Cardy Analyzer 05®, SUZUKEN Co., Ltd.) revealed that increased noise signal counts
were associated with decreased R-wave amplitude (ρ = –0.52; P = .03). Although hitoe® is both hydrophilic and flexible
to enhance adequate skin contact,8 textile electrodes remain vulnerable tomotion artifacts that subsequently interfere with
R wave detection.21 Ousaka et al. reported that ECG acquisition by hitoe® electrode was better in mid-phase of running
than in the early phase.20 They speculated that a sweat production by running diminished a friction between the
hydrophilic electrode and skin. Accordingly, the textile electrode was wetted with 30% glycerol aqueous solution before
use to improve ECG acquisition. In addition, an amplitude of R wave against noise signal from hitoe® was reported to
decrease during movement.9 Despite the absence of a significant difference in the R-wave amplitude (Table 2), a signal
intensity that can fluctuate during ambulatory monitoring remains an issue of hitoe® (Figure 3H).

Detection of AF episode
Our simultaneous comparison revealed a fragmented interpretation of AF episodes in one patient (Figure 4). On the
wearable ECG, some R waves during AF episodes were interpreted as noise signals, which were excluded from the

Figure 4. Simultaneous tracings of automatic interpretation fromwearable ECG (A) andHolter ECG (B). Time in
atrial fibrillation was indicated by the blue line. Most noise signals on wearable ECG were labeled as normal QRS
complexes on Holter ECG. The gray signal with asterisk indicates noise; black signal, normal QRS complex; blue
signal, atrial premature complex; pink signal, ventricular premature complex. ECG, electrocardiogram.
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AF analysis. As discussed above, the under-detection of R waves resulted in increased noise signals in wearable ECG
versus Holter ECG during ambulatory monitoring.22 The increased noise signals fragmented AF episodes, which
appeared continuous on the Holter ECG. However, the discrepancy in AF duration between the two devices was only
0.6% (3/520 min), owing to the hydrophilic and flexible nature of hitoe® and the bra-type ECG design with Velcro
adjuster for skin-electrode contact. The 0.6% discrepancy in AF duration is clinically negligible for AF detection in long-
term monitoring because the longer monitoring period will more than compensate for this slight discrepancy. Conse-
quently, an ECG system using the hitoe® electrode seems quite amenable to long-termAFmonitoring in clinical settings.

Study limitations
One limitation of this pilot study was the small sample size. However, this is the first patient study demonstrating AF
detection with the hitoe® electrode. In addition, this study included more participants (n=18) than the minimum sample
size to detect a correlation coefficient (≥0.70) differing from zero (power 0.8; alpha 0.05) was 13 for Pearson’s and 15 for
Spearman’s analysis.13 Although the monitoring duration was limited to three hours, the continuous recording of
ambulatory ECG for both devices was compared in a simultaneous fashion. Another limitation of this study was that
it entailed an in-hospital ECG recording on the day after AF ablation. Although there was no restriction on physical
activity, in-hospital ECG monitoring at this early time point might have reduced patient activity level and subsequently
reinforced our highly consistent results. These issues should be addressed in future clinical trials.

Conclusions
Monitoring of patients using a wearable ECG device that utilizes a medical-grade dry textile electrode (hitoe®) provided
simultaneous consistency with Holter ECG after AF ablation. The wearable ECG demonstrated a slight increase in noise
signal episodes with associated deterioration in R-wave amplitude. This increased noise signal count caused a negligible
interruption in a continuous AF episode in a patient with intermittent AF. Long-term monitoring of AF with wearable
ECG warrants further clinical investigation.
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from the participants but are available from the corresponding author if they have ethical approval for using the data
according to the Japanese Ethical Guidelines for Medical and Health Research Involving Human Subjects. The ethical
committee’s name and the approval number of the study are also required.

Consent
Written informed consent for publication of the participants’ details and their images was obtained from the participants.

Acknowledgements
We thank all the participants in this study and our hospital staff at the physiological laboratory.

References

1. Benjamin EJ, Wolf PA, D'Agostino RB, et al. : Impact of atrial
fibrillation on the risk of death: the Framingham Heart Study.
Circulation. 1998; 98: 946–952.
Publisher Full Text

2. Kornej J, Börschel CS, Benjamin EJ, et al. : Epidemiology of atrial
fibrillation in the 21st century: novelmethods andnew insights.
Circ. Res. 2020; 127: 4–20.
PubMed Abstract|Publisher Full Text

3. Verma A, Champagne J, Sapp J, et al. : Discerning the
incidence of symptomatic and asymptomatic episodes of
atrial fibrillation before and after catheter ablation (DISCERN
AF): a prospective,multicenter study. JAMA Intern. Med. 2013; 173:
149–156.
PubMed Abstract|Publisher Full Text

4. Tondo C, Tritto M, Landolina M, et al. : Rhythm-symptom
correlation inpatients on continuousmonitoringafter catheter
ablation of atrial fibrillation. J. Cardiovasc. Electrophysiol. 2014; 25:
154–160.
PubMed Abstract|Publisher Full Text

5. Gladstone DJ, Spring M, Dorian P, et al. : Atrial fibrillation in
patients with cryptogenic stroke. N. Engl. J. Med. 2014; 370:

2467–2477.
Publisher Full Text

6. Sanna T, Diener H-C, Passman RS, et al. : Cryptogenic stroke and
underlying atrial fibrillation. N. Engl. J. Med. 2014; 370: 2478–2486.
Publisher Full Text

7. Ikeda T: Current use and future needs of noninvasive
ambulatory electrocardiogrammonitoring. Intern.Med. 2021; 60:
9–14.
PubMed Abstract|Publisher Full Text

8. Tsukada S, Nakashima H, Torimitsu K: Conductive polymer
combined silk fiber bundle for bioelectrical signal recording.
PLoS One. 2012; 7: e33689.
PubMed Abstract|Publisher Full Text

9. Tsukada YT, Tokita M, Murata H, et al. : Validation of wearable
textile electrodes for ECG monitoring. Heart Vessel. 2019; 34:
1203–1211.
PubMed Abstract|Publisher Full Text

10. Kuck K-H, Brugada J, Fürnkranz A, et al. : Cryoballoon or
radiofrequency ablation for paroxysmal atrial fibrillation.
N. Engl. J. Med. 2016; 374: 2235–2245.
Publisher Full Text

Page 9 of 15

F1000Research 2022, 11:97 Last updated: 22 AUG 2022

https://doi.org/10.1161/01.cir.98.10.946
http://www.ncbi.nlm.nih.gov/pubmed/32716709
https://doi.org/10.1161/CIRCRESAHA.120.316340
https://doi.org/10.1161/CIRCRESAHA.120.316340
https://doi.org/10.1161/CIRCRESAHA.120.316340
http://www.ncbi.nlm.nih.gov/pubmed/23266597
https://doi.org/10.1001/jamainternmed.2013.1561
https://doi.org/10.1001/jamainternmed.2013.1561
https://doi.org/10.1001/jamainternmed.2013.1561
http://www.ncbi.nlm.nih.gov/pubmed/24102697
https://doi.org/10.1111/jce.12292
https://doi.org/10.1111/jce.12292
https://doi.org/10.1111/jce.12292
https://doi.org/10.1056/NEJMoa1311376
https://doi.org/10.1056/NEJMoa1313600
http://www.ncbi.nlm.nih.gov/pubmed/32788529
https://doi.org/10.2169/internalmedicine.5691-20
https://doi.org/10.2169/internalmedicine.5691-20
https://doi.org/10.2169/internalmedicine.5691-20
http://www.ncbi.nlm.nih.gov/pubmed/22493670
https://doi.org/10.1371/journal.pone.0033689
https://doi.org/10.1371/journal.pone.0033689
https://doi.org/10.1371/journal.pone.0033689
http://www.ncbi.nlm.nih.gov/pubmed/30680493
https://doi.org/10.1007/s00380-019-01347-8
https://doi.org/10.1007/s00380-019-01347-8
https://doi.org/10.1007/s00380-019-01347-8
https://doi.org/10.1056/NEJMoa1602014


11. Dempsey MF, Condon B: Thermal injuries associated with MRI.
Clin. Radiol. 2001; 56: 457–465.
Publisher Full Text

12. Kirchhof P, Benussi S, Kotecha D, et al.: 2016 ESC Guidelines for the
management of atrial fibrillation developed in collaboration
with EACTS. Eur. Heart J. 2016; 37: 2893–2962.
PubMed Abstract|Publisher Full Text

13. May JO, Looney SW: Sample size charts for Spearman andKendall
coefficients. J Biom Biostat. 2020; 11: 1–7.
Publisher Full Text

14. Akintola AA, van de Pol V, Bimmel D, et al.: Comparative analysis of
the Equivital EQ 02 Lifemonitor with Holter ambulatory ECG
device for continuous measurement of ECG, heart rate, and
heart rate variability: a validation study for precision and
accuracy. Front. Physiol. 2016; 7: 391.
PubMed Abstract|Publisher Full Text

15. Steinberg C, Philippon F, Sanchez M, et al. : A novel wearable
device for continuous ambulatory ECG recording: proof of
concept and assessment of signal quality. Biosensors (Basel).
2019; 9: 17.
PubMed Abstract|Publisher Full Text

16. Alizadeh Meghrazi M, Tian Y, Mahnam A, et al. : Multichannel ECG
recording from waist using textile sensors. Biomed. Eng. Online.
2020; 19: 48.
PubMed Abstract|Publisher Full Text

17. Arquilla K, Webb AK, Anderson AP: Textile electrocardiogram
(ECG) electrodes for wearable healthmonitoring. Sensors (Basel).
2020; 20: 1013.
PubMed Abstract|Publisher Full Text

18. Song J, Zhang Y, Yang Y, et al. : Electrochemical modeling and
evaluation for textile electrodes to skin. Biomed. Eng. Online.
2020; 19: 30.
PubMed Abstract|Publisher Full Text

19. Peng S, Xu K, Chen W: Comparison of active electrode materials
for non-contact ECGmeasurement. Sensors (Basel). 2019; 19: 3585.
PubMed Abstract|Publisher Full Text

20. Ousaka D, Hirai K, Sakano N, et al. : Initial evaluation of a novel
electrocardiography sensor-embedded fabricwear during a full
marathon. Heart Vessels. 2021; 37: 1–8.
PubMed Abstract|Publisher Full Text

21. Nangalia V, Prytherch DR, Smith GB: Health technology
assessment review: remote monitoring of vital signs – current
status and future challenges. Crit. Care. 2010; 14: 233.
PubMed Abstract|Publisher Full Text

22. Brage S, Brage N, Franks PW, et al. : Reliability and validity of the
combinedheart rate andmovement sensor Actiheart. Eur. J. Clin.
Nutr. 2005; 59: 561–570.
PubMed Abstract|Publisher Full Text

Page 10 of 15

F1000Research 2022, 11:97 Last updated: 22 AUG 2022

https://doi.org/10.1053/crad.2000.0688
http://www.ncbi.nlm.nih.gov/pubmed/27567408
https://doi.org/10.1093/eurheartj/ehw210
https://doi.org/10.1093/eurheartj/ehw210
https://doi.org/10.1093/eurheartj/ehw210
https://doi.org/10.37421/jbmbs.2020.11.440
http://www.ncbi.nlm.nih.gov/pubmed/27708585
https://doi.org/10.3389/fphys.2016.00391
https://doi.org/10.3389/fphys.2016.00391
https://doi.org/10.3389/fphys.2016.00391
http://www.ncbi.nlm.nih.gov/pubmed/30669678
https://doi.org/10.3390/bios9010017
https://doi.org/10.3390/bios9010017
https://doi.org/10.3390/bios9010017
http://www.ncbi.nlm.nih.gov/pubmed/32546233
https://doi.org/10.1186/s12938-020-00788-x
https://doi.org/10.1186/s12938-020-00788-x
https://doi.org/10.1186/s12938-020-00788-x
http://www.ncbi.nlm.nih.gov/pubmed/32069937
https://doi.org/10.3390/s20041013
https://doi.org/10.3390/s20041013
https://doi.org/10.3390/s20041013
http://www.ncbi.nlm.nih.gov/pubmed/32393332
https://doi.org/10.1186/s12938-020-00772-5
https://doi.org/10.1186/s12938-020-00772-5
https://doi.org/10.1186/s12938-020-00772-5
http://www.ncbi.nlm.nih.gov/pubmed/31426518
https://doi.org/10.3390/s19163585
https://doi.org/10.3390/s19163585
https://doi.org/10.3390/s19163585
http://www.ncbi.nlm.nih.gov/pubmed/34519873
https://doi.org/10.1007/s00380-021-01939-3
https://doi.org/10.1007/s00380-021-01939-3
https://doi.org/10.1007/s00380-021-01939-3
http://www.ncbi.nlm.nih.gov/pubmed/20875149
https://doi.org/10.1186/cc9208
https://doi.org/10.1186/cc9208
https://doi.org/10.1186/cc9208
http://www.ncbi.nlm.nih.gov/pubmed/15714212
https://doi.org/10.1038/sj.ejcn.1602118
https://doi.org/10.1038/sj.ejcn.1602118
https://doi.org/10.1038/sj.ejcn.1602118


Open Peer Review
Current Peer Review Status:   

Version 2

Reviewer Report 07 July 2022

https://doi.org/10.5256/f1000research.133916.r142812

© 2022 Arquilla K. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Katya Arquilla  
Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, Cambridge, 
MA, USA 

Thank you for addressing my recommendations in this updated version.
 
Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Bioastronautics, wearable sensor systems

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard.

Version 1

Reviewer Report 30 March 2022

https://doi.org/10.5256/f1000research.79621.r121137

© 2022 Arquilla K. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Katya Arquilla  
Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, Cambridge, 
MA, USA 

This study compares a wearable ECG monitoring system with the gold-standard Holter monitor 
system in the detection of atrial fibrillation during a 3-4 minute monitoring session. The article is 

 
Page 11 of 15

F1000Research 2022, 11:97 Last updated: 22 AUG 2022

https://doi.org/10.5256/f1000research.133916.r142812
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5256/f1000research.79621.r121137
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


clear and the study is sound, but a few small changes would help readers understand the work 
and implications:

Abstract, Background: "Limited recording time" really means lack of comfort for long-
duration recordings, right?  Should be clearer with that distinction, because existing 
systems are capable of longer recording times, they're just not ideal for comfort.   
 

1. 

Introduction, paragraph 2, line 4: Should be more specific here about what threshold is 
required to deem something "very noisy". 
 

2. 

Methods, Recruitment: Should state here how many males/females were tested, in addition 
to where it is shown in the table. 
 

3. 

Study design: It would be helpful to show an image of the simultaneous placement of the 
two systems in this section.  
 

4. 

Measurements, paragraph 2, line 1: What was the approach to artifact removal? 
 

5. 

Statistical analysis, paragraph 1, line 1: What are the categorical variables here?  Can you 
include an example in this sentence of which metrics are treated in this way? 
 

6. 

Results, paragraph 1, line 2: "CHADS2" is not defined anywhere, so the reader will not 
necessarily know what this metric means. 
 

7. 

Results, paragraph 2: Was signal-to-noise ratio not included in this analysis? 
 

8. 

Figure 2: Were the instances of skin-electrode contact failure quantified and compared 
between the systems?  
 

9. 

Discussion, paragraph 1, line 4-6: A signal-to-noise ratio measurement would be helpful 
here. 
 

10. 

Discussion, paragraph 2, line 4: Is there a plan for testing at the 24-hour scale in addition to 
this 3-minute test?  
 

11. 

Discussion, paragraph 3, line 5-7: Until this point, it wasn't clear that the bra-type wearable 
system was developed by this group and not the company that produces the electrodes. It 
would be good to make this distinction earlier on. 
 

12. 

Discussion, paragraph 4: Given the bra-type wearable, it's important to test this system on 
both male and female participants, due to the added challenges during motion created by 
the presence of breast tissue. Is there any plan to test the system with more participants 
that have breast tissue? 
 

13. 

Discussion, paragraph 5, line 1: Include specifications of this analyzer. 
 

14. 

Discussion, paragraph 5, line 2: Does this hydrophilic characteristic impact the signal over 
time? I imagine it would, given the changes in electrical conductivity caused by sweat.  
 

15. 
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Discussion, paragraph 6, line 7-8: Would this discrepancy scale linearly or would it become 
more of a problem in longer-duration tests? 
 

16. 

Discussion, paragraph 7: It's mentioned earlier in the paper that some sort of power 
analysis was conducted to justify the sample size. It would be helpful to include that here.

17. 

 
Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
No

Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Bioastronautics, wearable sensor systems

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.

Reviewer Report 23 February 2022

https://doi.org/10.5256/f1000research.79621.r121135

© 2022 Arimoto T. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Takanori Arimoto   
The Department of Cardiology, Pulmonology, and Nephrology, Yamagata University School of 
Medicine, Yamagata, Japan 

Monitoring of atrial fibrillation (AF) is important for the management of AF after catheter ablation. 
Machino et al. demonstrated the clinical usefulness of novel wearable ECG with a medical-grade 
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dry textile electrode. There was almost complete correlation in the number of QRS complexes and 
heart rate. Importantly, the frequency of atrial premature complex (APC) count, APC burden, and 
AF recorded on the wearable device was highly consistent with the result of Holter ECG. On the 
other hand, some QRS complexes on the Holter ECG were sometimes shown as different QRS 
morphologies on the wearable ECG, as shown in Figure 3. The result of out-hospital ECG during 
daily physical activity may increase the credibility of this study. Wearable ECG monitoring may 
become a one of promising device in the near future.
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