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ABSTRACT
Background
Wearable sensors enable continuous vital sign monitoring, although information about 

their performance on nursing wards is scarce. Vital signs measured by telemonitoring and 

nurse measurements on a surgical ward were compared to assess validity and reliability.

Methods
In a prospective observational study, surgical patients wore a wearable sensor (Everion, 

Biovotion AG, Zürich, Switzerland) that continuously measured heart rate (HR), respiratory 

rate (RR), oxygen saturation (SpO2), and temperature during their admittance on the ward. 

Validity was evaluated using repeated-measures correlation and reliability using Bland-

Altman plots, mean difference, and 95% limits of agreement (LoA).

Results
Validity analyses of 19 patients (median age, 68; interquartile range, 62.5-72.5 years) showed 

a moderate relationship between telemonitoring and nurse measurements for HR (r=0.53; 

95% confidence interval, 0.44-0.61) and a poor relationship for RR, SpO2, and temperature. 

Reliability analyses showed that Everion measured HR close to nurse measurements (mean 

difference, 1 bpm; LoA, −16.7 to 18.7 bpm). Everion overestimated RR at higher values, whereas 

SpO2 and temperature were underestimated.

Conclusion
A moderate relationship was determined between Everion and nurse measurements at a 

surgical ward in this study. Validity and reliability of telemonitoring should also be assessed 

with gold standard devices in future clinical trials.

INTRODUCTION
Sudden deterioration of patients on a surgical ward is a major challenge in hospital care.1 

Deterioration of patients leads to more unplanned intensive care unit (ICU) admissions, 

avoidable cardiopulmonary arrest, extended hospital stay, increased costs, and adverse 

effects on quality of life.2 Vital signs of patients have been found to deviate hours before such 

adverse events occur.3,4 However, the calculation of (modified) early-warning scores (MEWS) 

before deterioration of surgical patients is often not complete.1,5 There are several possible 

reasons for this. First, this might be due to the increased complexity of patients admitted to 

hospitals during the past few years, resulting in a higher demand for care. Second, nurses 

cannot continuously monitor the patient’s condition at the bedside due to time restraints and 

high workload. Third, MEWS is intermittently monitored at the surgical ward, which might 

lead to delayed detection of deterioration.6,7

Continuous monitoring of vital signs is associated with lower rates of cardiac or respiratory 

arrest, fewer ICU transfers and shorter average hospital length of stay (LOS).8-11 However, 

implementation of currently available systems on general wards presents challenges. For 

example, monitoring systems, such as those used in the ICU, often limit patient mobility.12 

Therefore, continuous telemonitoring using wearable sensors to monitor a patient’s vital 

signs seems a favorable solution.13

Although several wearable sensors are available for continuous telemonitoring of vital 

signs, insight into the comparison with current clinical practice of validity and reliability is 

still in its infancy.14,15 Heart rate (HR) is most commonly monitored with use of wearable 

sensors and is often measured accurately.6,15 whereas blood oxygen saturation (SpO2) is not 

a common application.16 Studies investigating the performance of wearable sensors for vital 

sign monitoring in a clinical environment are scarce, while this information is essential for 

any potential wearable sensor before its use in clinical decision making, because it affects 

interpretation of vital sign data and quality of alarms.

Therefore, in this study, continuous telemonitoring of HR, respiratory rate (RR), SpO2, and 

temperature using the Everion biosensor (Biovotion AG, Zürich, Switzerland) was compared 

with routine nurse measurements on a surgical ward for validity and reliability.

METHODS
Design
This prospective, observational study is an integral part of a single-center observational pilot 

study to investigate the feasibility, validity, and quality of the data collected by continuous 

telemonitoring on the surgical wards of the University Medical Center Groningen (UMCG) 

(PROMISE study, research register number #201900432). The protocol was approved by the 
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UMCG Ethical Committee and was performed according to the Declaration of Helsinki. The 

study was conducted from January 2020 to January 2021.

Participants
Patients aged 18 years or older and scheduled for elective open abdominal surgery were 

asked to participate at the out-patient clinic. Exclusion criteria were being mentally incapable 

of participation or unable to wear the Everion sensor.

Data collection
The Everion is a Conformité Européene class IIa-certified reusable wearable sensor worn at 

the upper arm. It measures vital signs with a storage frequency of 1 Hz, including HR, RR and

SpO2 based on photoplethysmography (PPG) and temperature using a negative temperature 

coefficient thermistor.17 Data were transmitted via Bluetooth to the HealthyChronos application 

(Hobbit Imaging Solutions, Alphen aan de Rijn, the Netherlands) on a bedside tablet. Vital 

signs measured by Everion were obtained from the database after study completion. Nurse 

measurements were extracted from the electronic medical record.

Protocol
Patients who gave informed consent wore the Everion sensor during their stay on the surgical 

ward. The sensor was worn on the upper arm approximately from 8 am until 10 pm and was 

charged during the night. Patients, nurses, and researchers were blinded for the sensor 

measurements, and care was provided as usual. Nurses were instructed to correctly enter 

their measurement time in the electronic medical record to enable the data pairing needed 

for assessing validity and reliability. According to the institutional protocol, nurses measured 

vital signs every 3 hours during the first 24 hours after surgery and subsequently once during 

an 8-hour nurse shift. Vital signs were collected at the bedside, with the patients sitting or 

supine. Nurses manually measured HR and SpO2 using the Vital Signs Monitors 53NTO® (Welch 

Allyn, Amsterdam, the Netherlands). Respiration rate was measured by counting breaths for 

15 seconds and multiplying the number by 4 to calculate RR per minute. A temporal scanner 

(Exergen Corporation, Watertown, MA, USA) was used to monitor temperature.

Data preprocessing
Everion measurements were preprocessed before data analyses to remove artifacts in the 

three following preprocessing steps that we developed for this purpose. First, values were 

excluded if they were outside the technical ranges as defined by Biovotion: 30 to 240 beats/

min (bpm) for HR, 6 to 30 breaths/min for RR, 65% to 100% for SpO2, and 28°C to 43°C for 

temperature. Instances in which temperature was measured and HR was not, or if HR or RR 

were measured and temperature was not, were removed.

Second, a filter was applied on temperature data to remove the period of warming up 

of the sensor at the start of each measurement period. This start was defined as the first 

measurement of temperature after 5 minutes without data, while temperature was below 

its median value minus 3 times its median absolute deviation (MAD), a method for outlier 

detection,18,19 based on all temperature measurements per patient. Temperature data were 

removed during the first 60 minutes, which was the warming up period according to visual 

inspection of the data.

Third, if the end of each measurement period (e.g. 5 minutes before the data point previous 

to each start) showed a rapid decrease of temperature (0.5°C or more) and a HR above its 

median plus 3 times its MAD, all vital sign data were removed from the moment of decrease 

until the end of the measurement period. This indicates that the sensor was removed without 

immediate placement on the charger. An example of the preprocessing steps is shown in 

Supplementary 1.

Statistical analyses
Per vital sign, Everion data were selected within the 5 minutes before each registered nurse 

measurement. When at least two Everion measurements were present, the median value 

was calculated and paired to the nurse measurements. To evaluate data variability during 

these 5 minutes of continuous data, the MAD was calculated as well. The median absolute 

percentage error (MAPE) was calculated per vital sign to evaluate the agreement of the 

wearable sensor compared with nurse measurements.

Repeated measures correlation coefficients (rmcorr package, R 4.4.1) were calculated per vital 

sign as a measure of validity.20 A correlation coefficient between telemonitoring and nurse 

measurements below 0.5 was considered as a weak, 0.5 to 0.7 as a moderate, and 0.7 to 1.0 

as strong positive relationship.21 Reliability was evaluated using Bland-Altman plots, mean 

differences, and 95% limits of agreement (LoA) per vital sign measured by Everion compared 

with nurse measurements. Bland-Altman analyses were corrected for repeated measurements, 

where variance between measurement pairs is the sum of between and within subject variances.22 

Data were processed and analyzed in MATLAB R2018a (MathWorks, Inc., Natick, MA, USA).

RESULTS
A total of 23 patients planned for open abdominal surgery participated in the study. For 

four patients, vital sign data on the surgical ward was not available during the study period 

because the surgical procedure was canceled (n=2), the patient withdrew consent before 

admittance to the hospital (n=1), or the patient had a prolonged stay at the ICU (n=1). Of the 

19 included patients, surgery for one patient was canceled because of heart failure during 

induction anesthesia; therefore, only preoperative data was available. Patient characteristics 

are summarized in Table 1.
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Data availability
Figure 1 shows the flow diagram with the total number of available nurse measurements 

for all included patients (n=19) on the surgical ward, the excluded measurements due to 

missing Everion data or data preprocessing process, and total number of included data 

pairs per vital sign.

The median (interquartile range [IQR]) number of available nurse measurements per patient 

for HR were 29 (19-38.8); for RR, 27 (19-38.5); for SpO2, 30 (19.3-39.8); and for temperature, 29 

(20-37). In comparison, the available Everion measurements in the median (IQR) 5 minutes 

before a nurse measurement for HR were 12 (11-18.5); for RR, 12 (10-17.8); for SpO2, 6 (3.5-8); 

and for temperature, 12 (11-16.5).

Nurses most often documented SpO2 measurements; however, this was the least frequently 

measured parameter of Everion before nurse measurements (only in 16.2%). In three patients, 

no SpO2 data by Everion were available before nurse measurements during the study period. 

Figure 2 shows an example of available nurse data and preprocessed Everion data for all 

vital signs during a patient’s stay at the surgical ward.

Vital sign agreement
Table 2 summarizes median values measured by nurses and Everion and the MAD and MAPE 

of Everion per vital sign. For HR, the median values measured by nurses and Everion are 

comparable (both 78 bpm). The MAD of Everion HR data indicates relatively low variability 

Table 1. Patient characteristics (n=19).

Descriptive Value

Age, median (IQR), years 68 (62.5-72.5)

Sex, n (%)

Male

Female

14 (73.7)

5 (26.3)

Comorbidities, n (%)

Cardiovascular disease

Hypertension

Chronic pulmonary disease

Renal insufficiency

Non-surgery related malignancy

9 (47.4)

5 (26.3)

2 (10.5)

2 (10.5)

1 (5.3)

Surgical procedure, n (%)

Open abdominal aortic aneurysm repair

Hepatobiliary surgery

Gastrointestinal surgery

7 (36.8)

7 (36.8)

5 (26.4)

Hospital length of stay, median (IQR), days 10.2 (6.2-13.0)

Total number of nurse measurements on the 
general ward, n

HR:	 564
RR:	 549
Sp02:	 567
T:	 564

Excluded nurse measurement without 
prior Everion measurements, n (%)

HR:	 278 (49.3)
RR:	 258 (47.0)
Sp02:	 472 (83.2)
T:	 262 (46.5)

Nurse measurements with available prior Everion 
measurements, n (%)

HR:	 286 (50.7)
RR:	 291 (53.0)
Sp02:	 95 (16.8)
T:	 302 (53.5)

Excluded Everion measurements due to pre-
processing, n (%)

Step 1
HR:	 7 (1.2)
RR:	 21 (3.8)
Sp02:	 2 (0.4)
T:	 22 (3.9)

Step 2 & 3
HR:	 2 (0.4)
RR:	 3 (0.5)
Sp02:	 1 (0.2)
T:	 25 (4.4)

Figure 1. Data flow diagram of available vital sign data for heart rate (HR), respiratory rate (RR), oxygen 
saturation (SpO2), and temperature (T) measured by nurses in the included patients (n=19) during 
admission on the surgical ward. The excluded and included numbers of measurements (n) due to 
absence of Everion data before nurse measurement or the data preprocessing process are also 
expressed in percentages of the total number of available nurse measurements.

Included paired measurements, n (%)

HR:	 277 (49.1)
RR:	 267 (48.6)
Sp02:	 92 (16.2)
T:	 255 (45.2)

Table 2. Median (IQR) of measured values by nurses and Everion, mean absolute deviation (MAD) 
of Everion measurements during five minutes prior to nurse registration, and median absolute 
percentage error (MAPE) of Everion compared to nurse measurements per vital sign.

HR, bpm RR, breaths/min SpO2, % Temperature, °C

Nurse

Value, median (IQR) 78 (68-88) 14 (14-16) 97 (95-98) 36.8 (36.5-37.2)

Everion

Value, median (IQR)

MAD, median (IQR)

MAPE, median (IQR)

78 (69.4-89.6)

1.5 (1.0-2.5)

5.9% (2.5-10.4%)

20 (16-23)

1.0 (1.0-2.0)

32.1% (14.6-57.1%)

94.5 (93-96)

0.5 (0.0-1.0)

3% (1.6-4.5%)

35.7 (34.9-36.4)

0.0 (0.0-0.1)

3.4% (1.6-5.4%)

Heart rate (HR) in beats/min (bpm), respiratory rate (RR) in breaths/min, oxygen saturation (SpO2) in percentage (%), and temperature 
in degrees Celsius (°C).
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(median, 1.5 bpm) in the data set before a nurse measurement. The median MAPE for Everion 

HR measurements was 5.9% compared with nurse values.

For RR, values measured by Everion were higher than those measured by nurses, respectively, 

median of 20 (IQR, 16-23) and 14 (IQR, 14-16) breaths/min. The small IQR of nurse measurements 

indicates a significant amount of 14 and 16 breaths/min reported by nurses, which is also 

indicated by the MAD of 1.0 (IQR, 1.0-2.0). The MAPE shows a mean deviation of 32.1% between 

the pairs.

The median SpO2 values measured by Everion are lower than those of nurse measurements. 

MAD of Everion data within the window of 5 minutes before nurse registration is 0.5% (IQR, 

0.0%-1.0%) and the MAPE is 3% (IQR, 1.6%-4.5%) compared with nurse measurements.

Everion showed lower median temperature values compared with nurse measurements. 

Continuous temperature data of Everion are consistent with a MAD of 0.0 (IQR, 0.0-0.1). 

Median MAPE for temperature is 3.4% (IQR, 1.6-5.4%).

Validity
Repeated-measures correlation coefficients showed a moderate relationship between HR 

measured by Everion and nurses, with a correlation coefficient of rrm=0.53 and a 95% confidence 

interval (CI) of 0.44 to 0.61. Measurements of Everion and nurses had a poor relationship 

for RR (rrm=0.004; 95% CI, −0.12 to 0.13), SpO2 (rrm=0.44; 95% CI, 0.23-0.60), and temperature 

(rrm=0.18; 95% CI, 0.05-0.30).

Reliability
Figure 3 shows Bland-Altman plots of the paired Everion and nurse measurements for all 

vital signs with the mean difference and LoA. For HR, LoA ranged from −16.7 to 18.7 bpm, with

a mean difference of 1 bpm.

The mean difference for RR was 4.6 breaths/min and LoA of −5.0 to 14.3 breaths/min. The 

Bland-Altman plot for RR shows a specific pattern: at higher mean RR (>16 breaths/min), the 

mean difference is higher (more overestimation of Everion), whereas at a mean RR between 

14 and 16 breaths/min, the mean difference between both measurements is close to zero.

In the 92 data pairs for SpO2, Everion underestimated SpO2 by 2.9% on average, with LoA of 

−7.4% to 1.7%.

Everion underestimated temperature by 1.3°C on average, with LoA of −3.4° to 0.9°C. There was 

less underestimation by Everion compared with nurse measurements at higher temperatures, 

as presented in Figure 3.
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Figure 3. Bland-Altman plots for all vital signs measured by Everion compared to nurse measurements.
Heart rate (HR) in beats/min (bpm), respiratory rate (RR) in breaths/min, oxygen saturation (SpO2) 
in percentage (%), and temperature in degrees Celsius (°C). The x-axis represents the mean of and 
the y-axis the difference (Δ) between both measurement pairs. The dotted lines represent the mean 
difference and 95% limits of agreement for repeated measurements.
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DISCUSSION
In this study, vital signs measured by telemonitoring using the Everion biosensor were 

compared with nurse measurements for validity and reliability. Results of this study showed 

that HR measured by Everion had a moderate relationship with current nurse measurements, 

whereas RR, SpO2, and temperature showed lower correlation coefficients. Reliability analyses 

showed that Everion measurements of HR were close to nurse measurements in mean 

difference. Everion overestimated RR at higher mean values >16 breaths/min, whereas SpO2 

and temperature were underestimated compared with nurse measurements.

For HR, we reported comparable median values and relatively low variability in the data set 

before each nurse measurement. Even though Everion had a mean difference from only 1 

bpm compared with nurse measurements, the large LoA, from −8.7 to 16.7 bpm are clinical 

relevant, because the MEWS may vary and result in different clinical decisions. Although the 

present results demonstrated HR is the parameter performing closest to nurse measurements 

in current clinical practice, studies using electrocardiogram-based wearable sensors found 

even smaller LoA compared with PPG-based sensors.6 A previous study evaluating the 

performance of Everion HR versus a medical-grade Holter monitor also found a smaller 

mean difference (−0.24 bpm) and LoA (−6.6 to 6.1 bpm).23 However, that study was performed 

in different settings of activity, with healthy volunteers in a controlled environment.

For RR, the highest agreement between Everion and nurse measurements is between 14 

and 16 breaths/min, which corresponds to a MEWS of 0 for RR. An overview of the raw data 

reveals frequent entries of 14 and 16 breaths/min in the nurse measurements. Either counting 

RR over a shorter time and multiplying it or estimating RR based on visual inspection of the 

chest related to the points of the MEWS could be an explanation for this. Similar results 

are found in studies comparing nurse measurements with electronic measurements.24,25 In 

addition, inadequate measurement of RR due to the influence of motion artifacts experienced 

by wearable sensors may adversely affect the agreement.

Little is known about the accuracy of measuring SpO2 by wearable sensors. Everion is one of 

the few commercially available wearable sensors that measures this vital sign.15 Our results 

showed a mean underestimation for SpO2 measured by Everion of 2.9%, which is comparable 

to the results from a pilot study in which 88.4% of the cases had a difference of ≤2% between 

the wearable sensor and nurse measurements.26 However, this study reported many artifacts 

caused by, for example, connection failure or patient movement. Low availability of SpO2 data 

in our study might also be related to this, because Everion calculates an accuracy metric 

per vital sign that prevents data with an accuracy <50% from being stored. The placement 

site (upper arm) of the Everion may have played an important role as well, because this is a 

nontraditional and uncommon site to measure PPG signals.27,28



96 97

4

PART I        QUALITY OF MONITORING TECHNOLOGY CLINICAL VALIDATION AT THE SURGICAL WARD

A few wearable sensors have been developed with the ability to measure temperature. 

However, there is a gap of knowledge in the area of agreement in temperature measurements. 

Several reviews reported the availability of wearable sensors that monitor temperature,15,16,29 

and only one study investigated the validity of temperature measurements.30 The authors 

compared the SensiumVitals patch to nurse measurements and reported a mean difference 

of 0.82°C with LoA of −1.13°C to 2.78°C.30 The underestimation of temperature of 1.3°C that 

we found is small and could be explained by the differences in measurement technique. 

Nurses measured infrared temporal artery temperature (TAT), and Everion has a thermistor 

to measure temperature at the upper arm. Besides, whether the TAT is sufficient for body 

temperature monitoring in clinical practice is questionable.31 The possible relationship between 

environmental influences, such as the position of the arms above or under the blanket, and 

temperature measurement methods is unknown and needs to be further explored.

Strengths and limitations
A strength of this study is that nurses measured vital signs independently from telemonitoring. 

Everion data were not visible to participants or nurses, which reduced information bias. 

Commitment of nurses to measure vital signs and calculate the MEWS was prominent in this 

study. Because patients were asked to sit or lay down during nurse measurement, a median 

filter of 5 minutes was applied to the continuous data before each nurse measurement. 

Therefore, a representative period was used for data analysis.

This study has a few limitations. First, the small number of included patients and available SpO2 

measurements may have led to increased variability in the analyses, and results cannot be 

extrapolated to larger groups of patients, nor clinical significance can be claimed. Evaluation 

of the performance of the Everion for detection of adverse events will be another important 

research subject, and also requires a large sample size with sufficient adverse events to 

demonstrate its eventual added value. Second, although nurses were asked to correctly 

enter their measurement time in the electronic medical record, it is possible that bias due 

to time synchronization occurred.

Implications
To properly continuously monitor patients on the general ward, clinical validation of wearable 

sensors is important. There are several implications for clinical practice and further research 

for telemonitoring on a general ward.

First, measurement technology of wearable sensors should be further improved. Algorithms 

should be able to limit data losses and artifacts due to patient movement. Moreover, 

measurement of RR is better when derived from an electrocardiogram instead of PPG32 

and improves in proximity to the chest.33,34 Currently, wearable sensors are mainly still in 

the phase of validation and feasibility,14 which is important before they are used in clinical 

decision making. In addition to comparing wearable sensor measurements to those from 

clinical practice, validation studies in a controlled environment with gold standard reference 

devices should be performed to gain insight in wearable sensor performance under different 

levels of activity.

Second, vital signs measured by telemonitoring are of potentially high value for early detection 

of deterioration. With continuous measurement of vital signs it is preferable to set alarm criteria 

if nursing expertise at the patient’s bedside if required. While the MEWS is widely used for 

this purpose, not all parameters within the MEWS can be measured by a single wearable 

sensor. Nevertheless, a previous study with two wearable sensors resulted in early detection 

of a high MEWS during unobserved periods.35 Furthermore, the MEWS was developed as a 

generic tool for intermittent measurements. It may be beneficial to develop alarm criteria that 

focus on continuously measured parameters and consider person-specific trends. Besides, 

MEWS versus trend monitoring by means of wearable sensors is an issue for further research.

Third, the workload implications for nurses on the surgical ward should be investigated. 

Telemonitoring can only be successful if it does not add to nurses’ workloads and the required 

technical competencies are attained. As an example, although an advantage of Everion is 

measuring SpO2, the sensor must be recharged for at least 3 hours, resulting in unobserved 

periods.17 According to observations during this study, we suggest that the implementation of 

a new telemonitoring system on a general ward can only be successful if the role of nurses 

is investigated. The feasibility of telemonitoring with a wearable sensor on the surgical ward 

and acceptability of patients and nurses should also be assessed in future work toward 

actual use in clinical practice.

Conclusions
This prospective study found a moderate relationship between Everion measurements and 

nurse measurements on a surgical ward. However, the current study is limited to a small 

number of patients and the lack of validation with gold standard vital sign measurement. 

Comparing vital signs measured by telemonitoring and nurses provides valuable information 

for clinical application and should be analyzed before widespread clinical implementation 

of commercially available telemonitoring devices. Because nurse measurements are not 

considered as the gold standard, validity and reliability of telemonitoring should also be 

assessed with gold standard devices in future clinical trials.
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