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Abstract 

Background:  Heart disease patients necessitate precise monitoring to ensure 
the safety and efficacy of their physical activities when managing conditions such 
as hypertension or heart failure. This study, therefore, aimed to evaluate the accuracy 
of photoplethysmography (PPG)-based monitoring of pulse rate (PR), interbeat-inter-
vals (IB-I) and oxygen saturation (SpO2) during high-intensity interval training (HIIT).

Methods:  Between January and March 2024, healthy volunteers were subjected 
to a cycling HIIT workout with bike resistance increments to evaluate performance 
within different heart rate ranges. To determine the accuracy of PPG-based measure-
ments for PR, IB-I, and SpO2 using the CardioWatch 287–2 (Corsano Health, the Neth-
erlands), measurements throughout these ranges were compared to paired reference 
values from the Covidien Nellcor pulse oximeter (PM10N) and Vivalink’s wearable ECG 
patch monitor. Subgroups were defined for Fitzpatrick skin type and gender.

Results:  In total, 35 healthy individuals participated, resulting in 7183 paired measure-
ments for PR, 22,713 for IB-I, and 41,817 for SpO2. The PR algorithm showed an average 
root mean square (Arms) of 2.51 beats per minute (bpm), bias at 0.05 bpm, and limits 
of agreement (LoA) from −4.87 to 4.97 bpm. The IB-I algorithm achieved an Arms 
of 23.00 ms, a bias of 1.00 ms, and LoA from −43.82 to 46.21 ms. Finally, the SpO2 algo-
rithm showed an Arms of 1.28%, a bias of 0.13%, and LoA from −2.37% to 2.62%. The 
results were consistent across different demographic subgroups.

Conclusions:  This study demonstrates that the PPG-based CardioWatch 287–2 can 
accurately monitor PR, IB-I, and SpO2 during HIIT. However, further research is rec-
ommended to evaluate the algorithm’s performance in heart disease patients dur-
ing demanding exercise.
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Background
Heart disease remains a leading cause of mortality and morbidity worldwide, neces-
sitating improved and early monitoring strategies to mitigate its impact [1, 2]. This is 
especially critical for cardiac patients who engage in high-intensity activities, such as 
high-intensity interval training (HIIT), which can place additional stress on the car-
diovascular system. These patients, often managing conditions such as hypertension 
or heart failure, require precise and continuous monitoring to ensure the safety and 
efficacy of their exercise routines [3].

As the benefits of HIIT for cardiac patients gain recognition, there is a growing 
focus on the role of wearable devices in monitoring key physiological parameters such 
as oxygen saturation (SpO2), pulse rate (PR), and interbeat intervals (IB-I) [4]. Real-
time monitoring is essential for these individuals, providing immediate insights into 
their physiological responses and enabling timely interventions and personalized care 
plans.

Recent advancements in wearable health technology have revolutionized patient 
care, offering new ways to continuously monitor vital signs [5–7]. Among these inno-
vations, photoplethysmography (PPG) has emerged as a promising tool for real-time 
physiological measurements [5–8]. This non-invasive technology operates on the 
principle of light absorption and reflection by blood vessels, and provides an indirect 
but reliable means of measuring blood flow and oxygenation, making it ideal for inte-
gration into wearable devices [9–11].

PPG technology has since been incorporated into various wearable health devices, 
offering continuous and convenient monitoring without the need for invasive pro-
cedures [5, 6]. Vital parameters such as SpO2, PR, and IB-I are crucial indicators of 
a patient’s clinical status and are integral components of the Early Warning Score 
(EWS) system for predicting clinical deterioration [12, 13]. Accurate measurement of 
these parameters using PPG in wearable devices can simplify patient monitoring and 
enhance safety during exercise.

Despite the promise of wearable technology, few devices have demonstrated the 
reliability, accuracy, and usefulness required for monitoring cardiac patients, particu-
larly during physical activity. This study aims to evaluate the performance of a PPG-
based wristband, the Corsano CardioWatch 287–2, in recording PR, IB-I, and SpO2 
during HIIT. By assessing the device’s accuracy in real-world conditions, the study 
seeks to provide valuable insights that can inform healthcare strategies for cardiovas-
cular patients engaged in high-intensity exercise.

Results
In total, 35 healthy volunteers participated in the study and performed the HIIT. 
The demographic characteristics of participants in the HIIT study are presented in 
Table 1.

No adverse or unexpected events occurred during the study, and no participants 
(prematurely) discontinued the study. Furthermore, no participants were excluded 
based on poor data quality or technical errors.
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Pulse rate

The accuracy of the pulse rate algorithm implemented in the Corsano CardioWatch 
287–2 bracelet was compared with the Vivalink ECG patch as a reference and is given 
in Table 2 and Fig. 1. The analysis was conducted on a pooled dataset of 7,183 data 
points, as well as stratified by gender and Fitzpatrick skin type. The Arms across all 
data points was 2.51  bpm. The overall bias indicated a near-zero mean percentage 
difference (0.05 bpm) with a 95% CI ranging from −0.01 bpm to 0.11 bpm. Bland–Alt-
man analysis for the LoA showed the lower LoA at −4.87 bpm (95% CI −4.93 bpm, 
−4.81 bpm) and the upper LoA at 4.97 bpm (95% CI 4.91 bpm, 5.02 bpm). Subgroup 
analyses revealed similar results.

Interbeat‑intervals

The accuracy of the IB-I algorithm was compared with the Vivalink ECG patch, analyz-
ing 22,713 data points, and given in Table 3 and Fig. 2. The Arms for the pooled data 
were 23.00 ms. The bias showed a positive deviation of 1.00 ms (95% CI 0.89 ms, 1.49 ms) 
for the pooled analysis. The Bland–Altman LoA shows the lower LoA at −43.82 ms (95% 
CI −44.12 ms, −43.52 ms) and the upper LoA at 46.21 ms (95% CI 45.91 ms, 46.50 ms). 
The subgroup analyses revealed similar results.

Oxygen saturation

In the evaluation of SpO2 measurement accuracy, the Corsano CardioWatch 287–2’s 
performance was assessed against the Nellcor PM10 and given in Table 4 and Fig. 3. The 
dataset comprised 41,817 data points, showing an Arms of 1.28%. The bias was slightly 

Table 1  Demographics of enrolled and analyzed participants (n = 35)

SD standard deviation, N number of patients

Mean 
(± SD)

Age, years 30 (± 10)

Male, N (%) 22 (63%)

Weight, kg 73 (± 11)

Height, cm 176 (± 9)

Skin color (Fitzpatrick), N (%) [23]
Class I-II
Class III-IV
Class V-VI

11 (31%)
13 (37%)
11 (31%)

Table 2  Accuracy of pulse rate of Corsano CardioWatch 287–2 compared to Vivalink ECG patch

n number of samples, Arms Average root mean square, CI confidence interval, LoA Limits of Agreement

Pooled 
(n = 7183)

Female 
(n = 2593)

Male (n = 4590) Fitzpatrick I-IV 
(n = 4993)

Fitzpatrick V-VI 
(n = 2190)

Arms [bpm] 2.51 2.59 2.46 2.54 2.45

Bias (+ 95% 
CI) [%]

0.05 (−0.01, 0.11) −0.10 (−0.21, 
0.00)

0.14 (0.07, 0.21) 0.00 (−0.07, 0.07) 0.16 (0.06, 0.26)

95% LoA (+ 95% 
CI) [%] Lower

−4.87 (−4.93, 
−4.81)

−5.19 (−5.28, 
−5.09)

−4.68 (−4.75, 
−4.61)

−4.98 (−5.05, 
−4.91)

−4.62 (−4.72, 
−4.52)

95% LoA (+ 95% 
CI) [%] Upper

4.97 (4.91, 5.02) 4.97 (4.87, 5.07) 4.96 (4.88, 5.02) 4.98 (4.91, 5.05) 4.94 (4.84, 5.05)
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Fig. 1  Comparison of CardioWatch 287–2 Pulse Rate and Vivalink ECG patch reference Pulse Rate by means 
of a) Bland–Altman, and b) correlation analyses, visualized through density plots (high to low density = light 
to dark blue)

Table 3  Accuracy of interbeat-intervals of Corsano CardioWatch 287–2 compared to Vivalink ECG 
patch

n number of samples, Arms Average root mean square, CI confidence interval, LoA Limits of Agreement

Pooled 
(n = 22713)

Female 
(n = 8605)

Male 
(n = 14180)

Fitzpatrick I-IV 
(n = 16141)

Fitzpatrick V-VI 
(n = 6411)

Bias (+ 95% 
CI) [%]

1.19 (0.89, 1.49) 1.58 (1.10, 2.06) 0.84 (0.56, 1.33) 1.16 (0.80, 1.52) 1.30 (0.76, 1.84)

95% LoA (+ 95% 
CI) [%] Lower

−43.82 (−44.12, 
−43.52)

−42.89 (−43.37, 
−42.41)

−44.38 (−44.75, 
−44.00)

−44.48 (−44.83, 
−44.12)

−42.13 (−42.68, 
−41.59)

95% LoA (+ 95% 
CI) [%] Upper

46.21 (45.91, 
46.50)

46.06 (45.58, 
46.54)

46.27 (45.88, 
46.65)

46.80 (46.44, 
47.15)

44.74 (44.19, 
45.28)
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Fig. 2  Comparison of CardioWatch 287–2 Interbeat-Intervals and Vivalink ECG patch reference Pulse Rate 
by means of a) Bland–Altman, and b) correlation analyses, visualized through density plots (high to low 
density = light to dark blue)

Table 4  Accuracy of SpO2 of Corsano CardioWatch 287–2 compared to Nellcor PM10

n number of samples, Arms Average root mean square, CI confidence interval, LoA Limits of Agreement

Pooled 
(n = 41817)

Female 
(n = 14809)

Male 
(n = 27008)

Fitzpatrick I-IV 
(n = 30139)

Fitzpatrick V-VI 
(n = 11678)

Arms [%] 1.28 1.20 1.32 1.26 1.33

Bias (+ 95% 
CI) [%]

0.13 (0.11, 0.14) −0.23 (−0.25, 
−0.21)

0.32 (0.31, 0.34) 0.08 (0.06, 0.09) 0.25 (0.23, 0.28)

95% LoA (+ 95% 
CI) [%] Lower

−2.37 (−2.38, 
−2.36)

−2.54 (−2.56, 
−2.52)

−2.19 (−2.20, 
−2.17)

−2.38 (−2.39, 
−2.36)

−2.32 (−2.34, 
−2.29)

95% LoA (+ 95% 
CI) [%] Upper

2.62 (2.61, 2.63) 2.07 (2.06, 2.09) 2.83 (2.81, 2.85) 2.53 (2.52, 2.55) 2.82 (2.79, 2.84)
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positive at 0.13% (95% CI 0.11%, 0.14%) for the pooled data. The 95% LoA ranged from 
−2.37% (95% CI −2.38%, −2.36%) in the lower bound to 2.62% (95% CI 2.61%, 2.63%) in 
the upper bound. Subgroup analyses revealed similar results.

Discussion
This study analyzed the accuracy of Corsano’s CardioWatch 287–2 for monitoring PR, 
IB-I, and SpO2 during HIIT compared to references from gold standard devices. The Arms 
across all paired measurements for the PR, IB-I and SpO2 were, 2.51  bpm, 23  ms, and 
1.28%, respectively. Similar results were obtained for all subgroup analyses, demonstrat-
ing compliance with the ISO Universal Standard [18]. The bias, which indicates systematic 
error, was minimal, with an overall mean difference approaching zero. This suggests that the 

Fig. 3  Comparison of CardioWatch 287–2 Oxygen Saturation and Covidien Nellcor pulse oximeter reference 
by means of a) Bland–Altman, and b) correlation analyses, visualized through density plots (high to low 
density = light to dark blue)
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CardioWatch 287–2 provides highly accurate measurements, demonstrating only a slight 
and mostly consistent overestimation. The Bland–Altman LoA further supports the accu-
racy by defining the range within which most differences between the CardioWatch 287–2 
and the reference measurements lie. These findings indicate the accuracy of PR, SpO2 and 
IB-I by the PPG-based CardioWatch 287–2 during HIIT. Adding to the evidence regarding 
the capabilities of PPG-based vital parameter monitoring during demanding activities.

In clinical practice, multiple vital parameters are often combined to interpret a patient’s 
clinical status, commonly through tools such as the EWS. PPG-based measurements not 
only offer the advantage of continuously recording parameters such as SpO2, PR and IB-I, 
but also allow the monitoring of other critical parameters, such as blood pressure, core 
body temperature, and atrial fibrillation. This capability holds great promise for improving 
patient outcomes and reducing the healthcare burden through continuous at-home and in-
clinic patient monitoring [24–26]. However, for this application medical-grade accuracy in 
measuring each vital parameter is crucial. While many commercial devices offer the ability 
to record various vital parameters, most are not medically certified and are thus unsuitable 
for in-clinic or remote patient monitoring.

Although this study yielded significant findings, it is important to recognize its limita-
tions. First, the study concerned a single-center study with a limited number of participants. 
Moreover, this study included healthy adults in the age range of 20 to 60 years, this could 
potentially limit the applicability of the CardioWatch 287–2 in patients or elderly. Secondly, 
during the performance of the HIIT on the LifeSpan R3i stationary bike, participants were 
asked to reach an elevated heart rate within a period of 20 min. Consequently, intensive 
exercise was simulated in a relatively short time frame. This could limit the correspondence 
with the actual activity performed by patients in their day-to-day life.

However, S. Blok et al. (2021) concluded that the algorithms of the CardioWatch 287 can 
monitor PR and IB-I in CVD patients with high accuracy [27]. The current study provides 
evidence for the high accuracy of the algorithms for monitoring PR, IB-I, and SpO2 during 
exercise and an elevated heart rate. These findings combined could lead to the conclusion 
that Corsano’s wearable yields the possibility of monitoring cardiac patients during their 
activities to manage conditions such as hypertension or heart failure.

Future research should involve larger, multi-center cohorts of patients with cardiological 
diseases, among other health conditions and physical states. This is recommended to vali-
date the findings of this study across diverse and suitable populations and healthcare set-
tings. Moreover, the current study only focused on performing HIIT on a stationary bike. 
Further studies, are therefore, advised to also investigate different types of exercise to evalu-
ate the performance of the algorithms in different ambulatory settings.

Conclusion
The PPG-based CardioWatch 287–2 can accurately monitor PR, IB-I, and SpO2 during 
intense exercise. Due to the non-intrusiveness and continuous monitoring capabilities, 
PPG-based monitoring holds great promise for remote monitoring of patients during 
demanding activities.
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Methods
This study constituted a single-center, non-randomized interventional study involving 
healthy volunteers equipped with the Corsano CardioWatch 287–2 during HIIT. The 
study consisted of a single visit per participant and took place from January 2024 till 
March 2024 at the Hague Tech center (The Hague, the Netherlands).

The evaluation of PR, IB-I, and SpO2 recorded by the Corsano CardioWatch 287–2 
during HIIT, is a component of a comprehensive study (validating PR, IB-I, SpO2, respi-
ration rate and non-invasive blood pressure) registered under NL.85330.058.23 (Toetsin-
gOnline.nl). The study was approved by the regional Dutch Medical Ethical Committee 
(METC-LDD), and the study adhered to the principles of the Declaration of Helsinki.

Study population

Healthy volunteers aged 18 and older were included in this study. The participants were 
recruited through engagement with various media platforms associated with the Hague 
Tech center. Prior to participation, written informed consent was obtained from all par-
ticipants. To achieve a representative demographic sample, we aimed for at least 30% 
representation from both males and females. Additionally, we targeted the inclusion of 
30% of participants with a Fitzpatrick skin type score of V or VI, which corresponds to 
individuals with darker skin tones. This focus on diverse skin types is critical, as it allows 
for a more comprehensive understanding of how various skin characteristics may influ-
ence the accuracy of the device.

Individuals with a baseline systolic blood pressure of 160 mmHg or higher, or a dias-
tolic blood pressure of 100 mmHg or higher, were excluded to mitigate risks associated 
with cardiovascular complications. For similar reasons, participants identified as having 
a high total cardiovascular risk or any clinical condition that could pose a risk during 
HIIT were also excluded.

Additional exclusion criteria included the inability to wear the CardioWatch 287–2 
(e.g., due to allergies, wounds, or amputations), and the inability or unwillingness to sign 
the informed consent form.

Investigational device

The investigational device (CardioWatch 287–2 [14]) employs photoplethysmography 
(PPG) for non-invasive measurement of blood volume changes in the microvascular bed 
on the dorsal side of the wrist. This method utilizes light, with a PPG sensor compris-
ing green, red and infrared light-emitting diodes (LEDs), along with two photo-diodes 
directed toward the patient’s skin. The photo-diodes capture the light emitted by the 
LEDs and reflected by the skin operating at a sampling rate of 128 Hz. Spectrophotom-
etry, facilitated by red and infrared LEDs, is employed for SpO2 monitoring, while PR is 
assessed based on the intensity, amplitude, and frequency characteristics of the detected 
waveform using green LEDs. Additionally, an accelerometer is integrated to mitigate 
movement artifacts during monitoring. Wirelessly, data are transmitted via Bluetooth to 
the Corsano App Application on a mobile device before being forwarded to the Health 
Cloud and Research Portal for comprehensive data analysis.
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Study description

To evaluate the accuracy of CardioWatch 287–2 measurements for PR, IB-I, and SpO2, 
data from these parameters were compared with measurements obtained from the 
Covidien Nellcor pulse oximeter (PM10N) and Vivalink’s wearable ECG patch monitor 
[15, 16]. This comparative analysis involved all included healthy participants engaging 
in HIIT. During each measurement, the responsible physician was present to provide 
supervision.

A single, 20 min, measurement session was conducted for each participant. The follow-
ing measurement set-up was applied in all participants: the CardioWatch 287–2 on the 
right wrist, the ECG patch on the left side of the chest according to placement instruc-
tions, and the PM10N on the right index finger. Subsequently, participants commenced 
the HIIT on a LifeSpan R3i stationary bike [17]. The HIIT protocol involved cycling 
with increments in bike resistance to elevate the participant’s heart rate. The following 
study protocol was applied: 2-min warm-up (own pace), increase pace/bike resistance 
to achieve five heartbeat ranges (120–130 beats per minute (bpm); 130–140 bpm; 140–
160 bpm; > 160 bpm) and hold each range for 30 s; 2-min cool-down (own pace).

The CardioWatch 287–2 operated at a sampling frequency of 128 Hz throughout the 
entire measurement period. Specifically, the CardioWatch 287–2, obtained pulse rate 
once every 8  s, IB-I every second, and SpO2 once every 14  s. In contrast, reference 
devices measured parameters every second.

Baseline characteristics (age, gender, weight, height, skin color) were gathered before 
the measurement session.

Endpoints

The study aimed to assess the average root mean square (Arms) of PR monitoring to 
ensure an Arms ≤ 4 bpm. Additionally, the Arms criteria target values of ≤ 50 ms, and ≤ 3 
percentage points for IB-I and SpO2, respectively.

Accuracy requirements are in line with ISO 80601-2-61:2017 [18].

Data pre‑processing

The continuous data from the CardioWatch 287–2 was time aligned with the pulse oxi-
meter and ECG patch. First the timestamps of the pulse oximeter were aligned with the 
timestamps of the Corsano mobile app, to which both the CardioWatch 287–2 and the 
ECG patch were connected. No time drift occurred in the devices.

The PPG data extracted by the CardioWatch was pre-processed using a bandpass filter 
between 0.5 and 5 Hz. After this, each pulse was assessed on signal quality according to 
the criteria proposed by Liu et al. (2020) [19]. Pulses not meeting these criterion for the 
SpO2 and IB-I analyses were subsequently excluded. However, for the PR analyses no 
pulses were discarded as this vital parameter is more robust.

Statistical analysis

To compare the values obtained by the CardioWatch 287–2 and the reference devices, 
the average root mean square (Arms) was calculated for heart rate, IB-I and SpO2. 
The Arms captures the bias (defined as the difference between the test results and an 
accepted reference value) and the precision (the closeness of agreement between 



Page 10 of 12Vijgeboom et al. BioMedical Engineering OnLine          (2024) 23:114 

independent test results obtained under stipulated conditions). Arms values of the 
reference devices (Covidien Nellcor pulse oximeter PM10N, Vivalink ECG patch) are 
reported with a zero-bias. To compute the Arms, the following formula was used:

where Ri is the reference value of sample i and CW2i the value computed by the Cardio-
Watch 287–2 Software of sample i. All primary endpoint calculations were repeated per 
gender category (male/female) and per skin color category (Fitzpatrick I-IV and V-VI).

Furthermore, the bias and 95% limits of agreement (LoA) of CardioWatch 287–2 PR, 
IB-I, and SpO2 compared to Covidien Nellcor pulse oximeter and Vivalink ECG patch 
reference measurements were calculated. The bias and LoA are calculated according 
to the paper by Bland et  al. [20] which considers multiple observations per individual 
and which considers the within and between-subject variance. For the bias and LoA 
parameters of the pooled analysis, the 95% confidence interval (CI) was determined. 
Furthermore, guidelines for Bland–Altman applied to multiple measurements per par-
ticipant [21] and for calculation of the CI [22] were followed. Differences between refer-
ence and test device determinations showed a normal distribution for all included vital 
parameters.
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