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Abstract

Background: Continuous cardiac monitoring with wireless sensorsis an attractive option for early detection of arrhythmiaand
conduction disturbances and the prevention of adverse events leading to patient deterioration. We present a new sensor design
(SmartCardia), a wearable wireless biosensor patch, for continuous cardiac and oxygen saturation (SpO,) monitoring.

Objective: This study aimed to test the clinical value of a new wireless sensor device (SmartCardia) and its usefulness in
monitoring the heart rate (HR) and SpO, of patients.

Methods: We performed an observational study and monitored the HR and SpO, of patients admitted to the intensive care unit
(ICU). We compared the device under test (SmartCardia) with the | CU-grade monitoring system (Drager-Healthcare). We defined
optimal correlation between the gold standard and the wireless system as <10% difference for HR and <4% difference for SpO..
Dataloss and discrepancy between the two systems were critically analyzed.

Results. A total of 58 ICU patients (42 men and 16 women), with a mean age of 71 years (SD 11), were included in this study.
A total of 13.49 (SD 5.53) hours per patient were recorded. This represents a total recorded period of 782.3 hours. The mean
difference between the HR detected by the SmartCardia patch and the ICU monitor was 5.87 (SD 16.01) beats per minute
(bias=5.66, SD 16.09). For SpO,, the average difference was 3.54% (SD 3.86; bias=2.9, SD 4.36) for interpretable values.

SmartCardia’s patch measures SpO, only under low-to-no activity conditions and otherwise does not report a value. Data loss
and noninterpretable values of SpO, represented 26% (SD 24) of total measurements.

Conclusions: The SmartCardiadevice demonstrated clinically acceptable accuracy for HR and SpO, monitoring in ICU patients.

(JMIR Biomed Eng 2020;5(1):€18158) doi: 10.2196/18158
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: tracking of heart rate (HR) and basic rhythm to the diagnosis
Introduction of comgplex arrhythmi(as, )detection of z\yocardial iscar?emia,
Electrocardiogram (ECG) monitoring in hospital units and identification of proI.onged QT intervql, or modif_ications pf_ the
intensive care units (ICU) has been performed for 50 years[1]. QRS complex. Continuous ECG monitoring assists physicians
The goalss of monitoring have changed over time, from simple |1 the evaluation of patients. Vital signs are usually measured
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and documented by nurses. The frequency of measurementsis
increased when necessary, and, in the event of aberrant signs,
the physician is informed and nurses manually check patient
vital signs, sometimeswith poor compliance[2,3]. Thispractice
has several potential weaknesses. The frequency of monitoring
by nursesislow, and relevant changesin vital signsmay remain
undetected, especially when they are subtle or within the normal
range. These could lead to adverse events or complications [4].

Over time, major improvements have been made in cardiac
monitoring systems, including computerized arrhythmia
detection algorithms, ST segment/ischemiamonitoring software,
improved noise reduction strategies, multileads monitoring,
reduced lead setsfor monitoring-derived 12-lead ECG, wireless
transmission of information and centralized data collection, all
with aminimal number of electrodes[5,6]. With theintroduction
of wireless sensors that allow wireless continuous monitoring,
animprovement in patient safety can be achieved [7]. Recently,
the accuracy of wireless systems with different sensing
principleswasvalidated [8] in high-risk patients. Some of these
devices are Food and Drug Administration (FDA)- or
Conformité Européene (CE)-approved. It is hoped that these
wireless systems can keep the alarm range as low as possible
to reduce alarm fatigue that may otherwise result in alarm
desensitization. New systems should be ableto identify changes
in patients’ values when an adverse event develops. However,
no system presently meets all these criteria. Wireless devices
improve continuous monitoring and outcomesin hospital wards,
asdemonstrated recently [8-10]. Wireless systems now provide
HR monitoring and oxygen saturation (SpO,) measurements.
HR monitoring is obtained with adhesive patches. In some
instances, these systems can detect arrhythmias at better rates
than Holter monitoring. Ventilatory frequency and SpO,
measurements are of crucial importance in patient monitoring
on hospital wards. Clinical deterioration of patients with
hypoxemia and hypotension can be missed with typical ward
monitoring, which is performed every 2-6 hours. In recent
studies, routine checking of vital signs every 4 hours missed
90% of patients with at least 15 minutes of SpO, <90% [11].
Ventilatory frequency can also be derived from wireless pulse
oximeters and chest patch systems that sense respiratory
variation in R-wave amplitude and RR intervals. We designed
a pilot trial to assess the safety and validity of an innovative
wireless device, SmartCardia, in monitoring patients hospitalized
intheICU.

Methods

Study Design

This is a descriptive trial analysis of vital signs during
hospitalization in asubset of patients, most of whom were being
treated for cardiac disease. ICU patients at the Cardiocentro
Ticino Hospital (Lugano, Ticino, Switzerland) were included
in the trial. They were monitored with a medically approved
existing monitoring system designated as the gold standard
system (Drager-Healthcare). In addition, theinnovative wireless
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equipment (SmartCardia) was used to record ECG and SpO,
for the duration of the patient’s stay in the ICU. The study was
designed as a pilot trial. We chose patients in the ICU because
they are monitored 24 hours a day, making comparison with
our device easier. This study is afirst step prior to testing the
device as a telemetry system or for 24-hour outpatient
monitoring. Although the device was designed to detect
arrhythmia, this feature was not tested in this tria. We
deliberately decided to first confirm a high level of reliability
and therefore focused on HR and SpO, in this study. This
corresponds to a validation of the device for HR and SpO,
monitoring. The next step will be to test the device as an
ambulatory or telemetry monitoring device.

Study Population

Patients scheduled for major surgery or hospitalized inthe ICU
with an indication for cardiac and respiratory monitoring were
asked to participate. Patientswith animplantable cardiac device
aswell asthose dlergic to adhesive or with thorax skinirritation
were excluded.

Theinclusion criteriawere as follows:

1 Pdatients with cardiovascular disease admitted to
Cardiocentro’'s ICU, and aged 16 years and above

2. Patients who voluntarily signed informed consent forms

Postsurgery patients with stable hemodynamic condition

4. Postmyocardial infarction patientswith stable hemodynamic
condition

5. ICU patientswho need continuous monitoring of vital signs
for at least 12h. The patients were not consecutive patients,
and they were fully immobilized in their bed.

w

Informed Consent and Data Collection

This protocol was approved by the local ethics committee, and
written informed consent of all patientswas obtained. Datawere
collected anonymously and transferred to SmartCardia for a
blinded analysis.

System Description

The system is a wireless patch with a low-cost disposable
component and a rechargeable/reusable electronic unit
(dimensions 65 mm x 125 mm; Figure 1). The patch measures
asingle-lead ECG, HR, HR variability, respiration rate, oxygen
saturation, skin temperature, posture, activity, and blood pressure
variations. The data are transmitted by Bluetooth to a mobile
phone or router. The measured signals and parameters are also
stored on the device. The device is placed on the left upper
portion of the patient’s chest (Figure 2). The patch-based device
offers up to 7-day data storage and 3.5-day real-time
connectivity through a smartphone connected to cloud storage
on a single battery charge. The ability to receive, store, and
interpret a broad range of parameters offers the opportunity to
go far beyond monitoring individual parameters. In this study,
the ECG-based HR and SpO, measurements taken by the
SmartCardia device were compared with the measurements
obtained by the standard monitoring system used in the ICU.
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Figure 1. The appearance and dimensions of the SmartCardia wireless device.

Figure 2. Device on the chest of the patient.

Safet Two SmartCardia patches were attached to the chest and the
y _ _ left arm, respectively, of the patient (Figure 2). A high-quality
The materials and the patches that have skin contact meet the  ECG signal is recorded with the chest device (Figure 3), while

1SO 10993 guidelines, specifically the criteriafor skinirritation,  the arm device records the best oxygen saturation signal.
sKin sensitization, and in vitro cytotoxicity.

Figure 3. Typical trace recorded with the SmartCardia device.
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Endpoints

The endpoints of this pilot trial were the following: safety of
the wireless device, tolerance of the device, correlation of HR
measurements obtained by the wireless device and the
conventional monitoring device, and correlation of SpO,
measurements obtained by the wireless device and the
conventional monitoring device.

Statistics

Sample size could not be calculated, as no power calculations
existintheliterature. Datapairs of HR and SpO, measurements
were analyzed with the Bland and Altman method, as suggested
by Breteler et a [7,12]. This method was used to account for
within-subject variations by correcting the differences between
the average differences. Bias between the reference monitor
and the sensor, with its 95% limits, was determined for both
HR and SpO,. The correlation between the two systems was

considered optimal when the mean HR differed by <5 beats per
minute or <10% and when SpO, variations were <4%.

The Clarke Error Grid was used to determine the clinical
accuracy of the wireless sensor compared with the reference
standard [11]. Performance was analyzed by the percentage of
data that was lost or noninterpretable.

Results

During the study period (May 17, 2017, to March 31, 2018),
58 patients (42 men and 16 women), with amean age of 71 (SD
11) years, were included in this prospective pilot trial (Table
1). Patients mainly had heart problems and were hospitalized
in the ICU after cardiac surgery (n=39, 67%), transaortic
valvular implantation (n=14, 24%), acute coronary syndrome
(ACS, n=3, 5%), aggravation of chronic obstructive pulmonary
disease (COPD, n=1, 2%), and out of hospital cardiac arrest
(n=1, 2%). The recording could be achieved in al patients. No
patients reported side effects (such as skin rash) from the
SmartCardia device. There was no disconnection of the device
or interruption of the recording due to poor skin contact.

Table 1. Demographics of the patients included in the trial.
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Total monitoring timeisdisplayed in Table 2 and was 782 h 17
min (mean 809 min/patient, SD 332) for the chest device and
794 h 22 min for the arm device (mean 822 min/patient, SD
322).

The correlation rate for the ECG signal between the two systems
was 97.6% for thetotal recorded values (Figure4). In 10 patients
(17%), correlation between the two systems was <95% (Figure
5).

Table 3 showsthe bias and precision (95% agreement) between
HR and SpO, measurements, respectively, by thewirelessdevice
and the gold standard. The 95% limit of agreement was
calculated with the Bland-Altman method (HR: Figure 6; SpO.:
Figure7).

The causes for instances of low correlation between the two
systems included (1) failure of the gold standard in 2 cases
(disconnection of one cable); (2) failure of the SmartCardia
device due to poor skin contact or bad positioning in 4 patients
(solved by reapplication or repositioning); (3) overdetection of
the T wave as a QRS complex, inducing double count in 2
patients (Figures 8 and 9); and (4) technical failure of the
SmartCardia device in 2 patients (memory corruption in one
case and a casing mechanical issue in the other).

The mean exact correlation rate for SpO, measurement (<4%
difference) was obtained in 44/58 patients (75%; Table 2). A
correlation between 5% and 6% of exact correlation was
obtained in 4 patients (7%). Finally, in 10 patients (18%), the
correlation rate was considered low (>6% of error) and the
largest difference was 14%.

The Clarke Error Grid analysiswas used to quantify theclinical
accuracy of the HR and SpO, measurements obtained by the
wireless system. This information is shown in Table 4 and
plotted in Figures 10 and 11. The percentage of data pairsin
regions A to E are shown in Table 4. For HR, 96.2% of the
values are in regions A and B. For SpO,, 100% of the points

areinregions A and B.

Demographic Male (n=42) Female (n=16)
Age (years), mean (SD) 70(12) 74 (8)
Trans-aortic valvular implantation, n (%) 10 (24) 4 (25)
Coronary artery bypass grafting, n (%) 21 (50) 8 (50)
Open-heart valvular surgery, n (%) 6 (14) 4 (25)

ST segment elevation myocardial infarction and ischemic heart disease, n (%) 3 (7) 0(0)

Chronic obstructive pulmonary disease, n (%) 1(2 0(0)

Cardiac arrest, n (%) 1(2 0(0)
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Table 2. Recording results and correlation rates.

Parameter Heart rate monitoring (n=58) Oxygen saturation monitoring (n=58)
Total monitoring time 782 h 17 min 794 h 22 min

Monitoring time per patient (min) 822 (SD 332) 809 (SD 332)

Exact value (<5% error), n (%) 48 (83) 44 (75)

Valuesin the 5%-6% error range, n (%) 2(4) 4(7)

Values >6% error, n (%) 8(14) 10 (18)

Figure 4. Recordings by the two monitoring systems, showing extremely good correlation (blue = SmartCardia recording; black = conventional
monitoring).
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Figure 5. Example of atrace defined as exact. Some PVB (premature ventricular beats) are correctly detected by the wireless system where the gold
standard failed.
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Table 3. Bland-Altman analysis of heart rate and oxygen saturation.

Parameters Number of measurement pairs Number of pa=  Bias, n (SD) Average absolute error, n Lower 95% Upper
measured tients (SD) 95%
Heart rate 41283 58 —5.66 (16.09) 5.87 (16.01) -37.19 25.87
Oxygen satura- 58970 58 2.9 (4.36) 3.54 (3.86) -5.65 11.45
tion
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Figure 6. Bland-Altman plots of heart rate for the wireless system. Y-axis = difference between Smart-Cardia device and reference.
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Figure 7. Bland-Altman plots of oxygen saturation measurements by the wireless system. Y-axis = difference between Smart-Cardia device and
reference.
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Figure 8. Example of atrace qualified as "non exact". The T wave has been included in the heart rate count, doubling the value to 126 bpm from 63
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Figure9. Discrepancy between the two monitoring systems, lasting afew hours, due to double counting by the SmartCardia device (SmartCardia heart
rate values were doubl e that of the gold standard). This was due to Q wave detection being counted as a QRS complex.
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Table 4. Clarke Error Grid analysis to quantify the clinical accuracy of heart rate and oxygen saturation.

700 800

Parametersmeasured ~ Measurementsinregion Measurementsinregion Measurementsinregion Measurementsinre-  Measurementsin re-
A, n (%) B, n (%) C,n (%) gion D, n (%) gion E, n (%)

Heart rate 38133 (92) 1743 (4.2) 1553 (3.7) 5(0.1) 0(0)

Oxygen saturation 58414 (69) 26133 (30.9) 0(0) 0(0) 0(0)

Figure 10. Clarke Error Grid analysisto quantify the clinical accuracy of heart rate measurements by the Smart Cardiadevice. Region A contains 92%
of recorded values, indicating ahigh accuracy of measurements. Regions D and E represent regions with unacceptable accuracy and only 0.1% of values

were in these regions.
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Figure 11. Clarke Error Grid analysis to quantify the clinical accuracy of oxygen saturation measurements taken by the SmartCardia device. Region

A and B contain 96% of values within the limit range.
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Discussion

Principal Findings

Monitoring is acritical issue in the ICU and intermediate care
units during the first days following the intervention. Today,
cardiac monitoringis carried out with skin electrodes. The signal
istransmitted by wiresto abedside monitor and acentral station.
In this pilot trial, we tested the ability of a new wireless vital
sign sensor to monitor patients. Thefirst generation of wireless
sensorswas shown to be useful in the detection of abnormalities
in vital signs, sometimes preceding adverse events[7-15]. Itis
well accepted that early detection of arrhythmias is important
since they can precede serious complicationsin patientsin the
ICU or genera ward [14,15]. The quality of the signa is
dependent on the physical device connections and good contact
between electrodes and the patient’s skin. Monitoring of SpO,
is usually performed using a system attached to the finger of
the patient, with a cable transmission to the central station.
Recently, wireless monitoring has been confirmed asavaluable
tool to detect adverse eventsin high-risk patients[4-6]. A recent
study showed significant differences between different wireless
sensors|[8]. For example, the Radius-7 (Masimo) underestimates
HR, asit calculates HR from the plethysmographic waveform
obtained from the pul se oximeter probe. The EarlySense system
may also underestimate HR during periods of arrhythmia, asit
derives HR from cardiac ballistic movement associated with
the gection of blood with each heart cycle. During a rapid
ventricular rate, some beats will not be long enough to allow
for ventricular filling and will therefore not result in adetectable
peripheral pulse. SmartCardia s patch measures and storesECG
data and parameters for up to 7 days on a single charge. A
comparison of ECG patches by Sensium and Vital Connect [8]
showed that they both have a limited storage capacity of 10
hours or less. Additionally, these patches do not measure SpO,,
whilethis study demonstrated the feasibility of measuring both
SpO, and HR with the SmartCardia patch [16,17].

http://biomedeng.jmir.org/2020/1/€18158/

The benefits of patient monitoring with wireless sensors have
been shown [18-21]. To be useful for patient management after
major surgical interventions, reliable wireless sensors must be
connected to a central system with alarm notification. False
alerts should be avoided to increase the reliability of the
monitoring system.

The new wireless SmartCardia device, tested in this triad, isa
combined system allowing monitoring of both HR and SpO..
Therecording systemisin asmall patch-box that is adhered to
the patient’s skin without wires, avoiding undesired problems
related to wire disconnection. In addition, it is user-friendly in
terms of installation. Transportation of the patient is also
facilitated without the need to disconnect and reconnect wires.

This study was mainly designed to validate the sensor accuracy
of the SmartCardia system, not to clinically monitor patientsin
the ICU. Thus, the sample sizeisrather small, and the number
of events was too small to identify specific signs or patterns of
adverse events. However, our results do provide insight into
the ability of wireless sensors to assist in patient monitoring
and early detection of patient deterioration.

Inthispilot trial, we showed that the HR data obtained with the
SmartCardia device is of good quality as compared with the
gold standard monitoring system. We identified that both this
new system and the gold standard system can fail. The major
problem identified with thisfirst generation of the SmartCardia
system is maintaining adequate skin contact. With further
technical improvements, this problem has been solved, leading
to 100% success in device attachment. We aso noted that
optimal positioning of the device on the patient’s chest is of
crucia importance. In the small number of patients with poor
recording quality, the device was not positioned correctly. Better
placement of the device allowed significant improvement of
the recording. We also noted that in 2 patients, a technical
problem of the SmartCardia device was the reason for failure.
We identified this problem and improvements were made in
the most recent generation of devices.
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Limitations Conclusion

The main limitation of thistrial isthe relatively small number We demonstrated that a new wireless device provides good
of patients. In addition, it has only been tested in patients quality HR measurementsin patientsin the ICU. Furthermore,
hospitalized in the ICU. Tests in postoperative patients in the  SpO, monitoring is feasible, athough further technica
ward must be realized. improvements are mandatory. Based on these results, further

trials should be performed in an outpatient popul ation to define
the place of such devicesin daily practice. Finaly, it should be
compared with conventional Holter monitoring.
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