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Background: The validity of the Apple Watch to measure the heart rate (HR) and oxygen saturation (Spo,) for patients with chronic
diseases such as diabetes mellitus (DM), dyslipidemia, and hypertension is still unclear. Therefore, this study aims to investigate the
accuracy of the Apple Watch in measuring the Spo, and HR in patients with chronic diseases.

Methods: Forty-one patients with chronic diseases, including 20 with hypertension, 10 with diabetes, and 11 with dyslipidemia,
completed a cross-sectional study. All participants used the Apple Watch against the Polar chest strap and the pulse oximeter at rest
and during moderate intensity exercise sessions to measure HR and the SpO?2 at rest for 5 minutes, during exercise for 16 minutes, and
followed by 3 minutes of rest. The HR was measured during all previous periods, but evaluation of the Spo, included 5 measures, done
only before and after exercise, with a minute interval between each measure.

Results: Overall, a strong correlation exists between measuring the SpO2 using the Apple Watch against the pulse oximeter (Contec)
at rest (r = 0.92, p < 0.001) and after exercise (r = 0.86, p < 0.001) in all patients. The HR had a very strong correlation between the
Apple Watch and the Polar chest strap (r = 0.99, p < 0.001) in all patients. There was no significant difference (p = 0.76) between the
twenty-seven white and fourteen brown-skinned patients.

Conclusion: The Apple Watch is valid to measure the HR and SpO2 in patients with chronic diseases.

Clinical Trial Registration No: NCT05271864.
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Introduction

Assessment of the heart rate (HR) is an essential variable to determine proper exercise training intensity." Utilization of
the gold standard 12-lead electrocardiogram (ECG) is considered the most objective HR assessment procedure. A polar
chest strap arises as an alternative to the ECG when it is not accessible to use outside the laboratories. The Polar chest
strap proved a valid and reliable instrument when tested against the ECG in healthy subjects® * and patients with cardiac
diseases at rest and during training.> Monitoring the resting as well as the post-training HRR (heart rate recovery) is
essential because it helps predict the cardiopulmonary fitness level as well as the mortality risk among evaluated
personnel.® Chronic diseases such as diabetes, hypertension, and dyslipidemia are increasing worldwide.”

Diabetes mellitus is a rapidly growing non-communicable chronic disease worldwide, becoming one of the most
alarming health problems in the 21st century.” Hypertension prevalence is increasing in the Kingdom of Saudi Arabia
(KSA); the rate exceeds 25% among adult Saudi subjects. Monitoring hypertension-related disturbances is an urgent
concept to prevent organs damage.® Recently, a report showed that the prevalence of hypercholesterolemia among the
Saudi population > years old is around 12.5%, with males having a higher rate (56.7%) compared to females, who have
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a lower rate (43.3%).” Diabetes mellitus, hypertension, and dyslipidemia are comorbidity disorders, so this study focused
on these groups of diseases.'’

Diabetes mellitus, hypertension and dyslipidemia are comorbidities and risk factors for developing cardiac diseases,
so it is important to monitor HR and oxygen saturation (SpO2) in day-to-day monitoring in patients with diabetes
mellitus, hypertension, and dyslipidemia to prevent developing cardiac diseases,'®'? but it is difficult to continue
monitoring HR and SpO2 in day-to-day monitoring particularly at home, because these measurements require devices
available in hospitals for continuous monitoring, smartwatch could compensate for this difficulty by continuously
monitoring HR and SpO2 to provide an early diagnosis and intervention to prevent developing cardiac diseases.''

It is also more difficult to continuously measure the HR and SpO2 in diabetic, hypertensive, and dyslipidemia patients
due to the effect of vascular disturbances on these diseases compared to healthy subjects. These disturbances could lead
to vascular dysfunction in the severe stages of these chronic diseases.'® This study is the first to measure HR and SpO2 in
patients with these chronic diseases. SpO2 could be utilized as a biomarker during the evolution of these conditions and
can be used to monitor prognosis and intervention-related effects in clinical trials.'*

The process of SpO2 evaluation is important because it indirectly reflects the subject’s organ oxygen requirements.
The traditional SpO2 measuring procedure is invasive and painful, requiring the collection and assay of an arterial blood
sample using a blood gas analyzer, which is considered the gold standard to measure the SpO2, but it can also be
measured noninvasively.'® Previous trials proposed evaluating the SpO2 non-invasively using a simple procedure with
maximum accuracy.'® Pulse oximetry is a well-known noninvasive instrument used for the monitoring and evaluation of
Sp02.'7 Routine and frequent screening of patients with chronic diseases is recommended, especially with an age over
50 years and the presence of other comorbidities such as hypertension and hyperlipidemia.'®

Recently; the Apple Watch appeared as a new tool to measure HR. All the Apple Watch versions can monitor the HR,
but the blood SpO2 can only be measured by the latest 6 and 7 versions. The concept of utilizing the Apple Watch to
measure the HR depends on the Photoplethysmography (PPG) non-invasive measurement procedure applied using
a wrist-worn watch that continuously monitors both heart beats and blood color changes over time. The PPG is
a commonly used approach to measure the HR, cardiac output, blood pressure, and SpO2 in a variety of medical
instruments'® that can help discover cardiovascular insults and complications at early stages.?’

Implemented new technology and updated features that enable the Apple Watch to monitor HR are available only in
the updated series 6 and 7. A very limited number of studies evaluated the validity of the Apple watch against a pulse
oximeter in measuring the SpO2 (the SpO2 was evaluated in 23 patients with chronic obstructive pulmonary disease, 61
patients with interstitial lung diseases, and 16 healthy control subjects). The Apple Watch results showed strong positive
correlations with those of the pulse oximeter (r = 0.81, P<0.0001). Furthermore; Pipek et al, study recommended testing
the Apple Watch’s validity for measuring SpO2 in other groups of patients, such as those with chronic diseases.”'

The Apple Watch is a smart instrument with advanced technology that measures the Spo2 and HR, but its validity in
patients with chronic diseases, including diabetes mellitus, hypertension, and dyslipidemia, is still unknown. Therefore,
this is the first study to evaluate the accuracy and validity of the Apple Watch in measuring SpO2 and HR in patients with

chronic diseases, including diabetes mellitus, hypertension, and dyslipidemia.

Methods
A cross-sectional study was conducted, included patients with chronic non-communicable diseases at Umm Al-Qura
University Medical Center, Makkah, Saudi Arabia.

Forty-one male patients with chronic non-communicable disease (mean [SD]; age 51 [7] years), including 20 with
hypertension, 11 with diabetics, and 10 with dyslipidemia, separately completed the study. The study was approved by
the biomedical research ethics committee at Umm Al-Qura University (HAPO-02-K-012-2022-02-959). The study was
registered at clinicaltrail.gov with the registration number (NCT05271864). Twenty-seven patients in this study had
white skin (type II) based on the Fitzpatrick scale,”> and fourteen had brown skin (type IV) based on the Fitzpatrick
scale,”” with no patient having black skin.
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Procedures and Devices
After physician referral, an initial medical screening was done to confirm the eligibility of each patient before starting the study.
Only patients in the hypertension group were hypertensive, the rest of the included patients were normotensive. Details of the
systolic, diastolic blood pressure and heart rate were added to the patient’s data in Table S1. A patient flow diagram gave details of
the patient’s experimental setup (Figure 1). All participants in this study wore the Polar chest strap HR (H10, Polar Electro, OY,
Finland) connected to the iPhone (iPhone SE, iPhoneOS 16.1, Apple Inc., California, USA) and the Apple Watch (Series 8,
watchOS 9.0, Apple Inc., California, USA) on the left wrist connected to the iPhone (iPhone 11, iPhoneOS 16.1, Apple Inc.,
California, USA) to measure the heart rate at rest for 5 minutes, followed by moderate intensity exercise [50-70% Heart rate
reserve (HRR)], 50 to 70% of HRR was defined as moderate exercise intensity,” for 16 minutes, and 3 recovery minutes after the
exercise session. During the study, all patients rested their hands on the handrails of the bicycle while wearing the devices. The
pulse oximeter (CMS50DL, Contec Medical Systems Co., Ltd., China) was used at rest pre and after the exercise session.

Under resting conditions, the pulse oximeter is fitted on a warm finger while the participant assumes a relaxed setting
position. The SpO2 was recorded five times after being stabilized on the pulse oximeter instrument.?*>

The exercise session was about 16 minutes in duration at moderate intensity according to the HRR using the cycle
ergometer, preceded by a 3-minute warm-up, and followed by a 3-minute cool-down. The HR was recorded every 30
seconds during the whole period, and the oxygen saturation was recorded five times pre-and-post exercise.

This study followed the principles of the Declaration Helsinki of 1975, revised in 2008. All participants were fully
informed about the purpose of the study. Each participant signed a written consent approving his volunteer participation
in this study and agreeing to the publication of its results.

) Assessment for enrolment (n = 74)
Excluded (n=15): Excluded (n=18):
ep|| -OD dietary and exercise -Uncontrolled DM (n=10).
2 || regimens (n=10) <1 -Uncontrolled hypertension
Z || -With neurological disorders (n=5)
é (hemiplegia) (n=5) - With balance disorder (n=3)
n
A 4

Fulfilled inclusion criteria (n=41)
¥

Pre-study evaluations (n=41)

!

Received moderate intensity training session
(on 50-70% heart rate reserve), n=41

4

Post-study evaluations (n=41), No drop-out

A\ 4

Outcomes data and post-study analysis (n=41),
No drop-out

[Analysis][ Evaluation] [ Intervention] [

Figure | Patient flowchart.
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Inclusion criteria: eligible participants were patients with chronic diseases such as those with stable diabetes mellitus
type 1 or 2, patients with dyslipidemia, and patients with controlled hypertension but not more than 180 mm Hg.

Exclusion criteria: patients with hypoxemia, uncontrolled diabetes mellitus, hypotension, hypothermia, nail polish,
uncontrolled hypertension, hyperlipidemia, and vascular dysfunction were excluded from the study. Also, patients with
other diseases than those described in the inclusion criteria were also excluded.

Sample Size

A suitable sample size was justified based on the past studies®®>?

that used the wearable device, in which the
participant numbers ranged from 20 to 60 participants. Suitable sample size was computed using the online G-Power
tool (https://download.cnet.com/G-Power/3000-2054 4-10647044.html), considering the effect size of 0.6 (medium
effect size), giving a sample size of 39 participants to provide reliable results.** An extra-number of 2 participants

was included to substitute for any participant’s withdrawal or discontinuation.

Data Analysis

All data were entered into JASP statistical version 18.1 for analysis. All data is presented as means and standard
deviations. Shapiro—Wilk tests were used to determine the normal distribution of the data. One way ANOVA was used to
test the mean difference between groups (hypertension, diabetes, and dyslipidemia). The linear regression and Bland-
Altman plots were used to test the level of agreement between devices. The mean difference (MD) and standard deviation
of the mean difference (SDD) were calculated to construct the Bland-Altman plots to measure the bias and level of
agreement between the devices. Graphs were used in the Bayesian correlation pairwise plots in the JASP to represent the
linear regression in HR and SpO2 between different devices.

Pearson correlation was used in cases of normal distribution, or the spearman test was used in cases of non-normal
distribution to test the correlation between the Apple Watch and the pulse oximeter for measuring SpO2, and between the
Apple Watch and the Polar chest strap to measure HR with a 95% confidence interval (CI). The correlation was
intercepted based on the following definitions: r = (r >0.70) was strong, (0.5 to 0.7) was moderate, and r = (<0.5) was
week.>> An independent #-test was used to test the difference between white and brown skin color groups for the SpO2
variable at rest. The P value was set at 0.05 for significant results.

Results

Oxygen Saturation (SpO2) at Rest and After Exercise

The oxygen saturation (SpO2) from the Apple Watch had a strong correlation to the pulse oximeter (Contec) in all 41
patients at rest and after exercise, with an overall correlation at rest (r = 0.92, p < 0.001) and after exercise (r = 0.86,
p < 0.001) (Table 1). More details on the correlations between the Apple Watch and the Contec in each group are
revealed in Table 1. More details on the data for the oxygen saturation before and after exercise are present in Table S2.
Linear plots showed that the overall correlation for chronic patients between the Apple Watch and the Contec device as
the reference device before exercise (Figure 2) and after exercise (Figure 3). Bland Altman plots showed Apple Watch
had great variability to measure SpO2 at rest with (Lower LoA—Upper LoA; —0.56 to 1.08) after exercise with (Lower
LoA-Upper LoA; —0.97 to 1.35). The mean differences for all patients at rest and after exercise were 0.26 and 0.19,
respectively (Figures 4 and 5). There was no significant difference (p = 0.76) between the twenty-seven white (type II in
the Fitzpatrick scale) and fourteen brown skin color (type IV in the Fitzpatrick scale) patients on SpO2 before exercise
between the Apple Watch and the Contec.

Heart Rate

Mean and SD of the heart rate from the Apple Watch and the Polar chest strap during the whole exercise session and
resting time before and after exercise are presented in Table 2. Bland Altman plots for heart rate were (Lower LoA—
Upper LoA; —0.32 to 0.33) (Figure 3) in all patients with non-combinable chronic diseases. The mean difference in HR
for all patients with non-commonable chronic diseases, including hypertension, diabetes, and dyslipidemia, was —0.01
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Table | Pearson or Spearman Correlation Between Apple Watch and Pulse Oximeter (Contec) in Patients
with Chronic Diseases for Oxygen Saturation at Rest and After Exercise

Mean (SD) of Practical | Mean (SD) of R (p value)

(Apple Watch) Criterion (Contec)
SpO2 at rest for hypertension patients 96.99(1.04) 96.71(1.06) 0.88(<0.001)
SpO2 at rest for diabetic patients 96.49(0.95) 96.27(0.76) 0.95(<0.001)
SpO2 at rest for dyslipidemia patients 96.88(1.42) 96.62(1.22) 0.001(<0.001)
SpO2 at rest for all chronic patients 96.83(1.11) 96.57(1.00) 0.92(<0.001)
SpO2 after exercise for hypertension patients 96.86(1.36) 96.66(1.05) 0.84(<0.001)
SpO2 after exercise for diabetic patients 97.02(0.76) 96.89(0.65) 0.81(<0.001)
SpO2 after exercise for dyslipidemia patients 97.00(1.48) 96.76(1.27) 0.97(<0.001)
SpO32 after exercise for all chronic patients 96.94(1.23) 96.74(1.00) 0.87(<0.001)

Abbreviations: R, Pearson or Spearman correlation coefficient; SD, Standard deviation; SpO2, Oxygen saturation.

(Figure 6). The correlation between the Apple Watch and Polar chest strap was strong (r = 0.99, p < 0.001) for all patients
(Table 2). More details on the correlations between the Apple Watch and the Polar chest strap in each group are revealed
in Table 2. More details on the data for the heart rate are present in Table S2. Linear plots showed that the there is an
overall significant correlation (r = 0.99, p<0.001) between the Apple Watch and the Polar chest strap device as the
reference device in patients with chronic diseases (Figure 7).

Discussion
This is the first novel study to investigate the accuracy of the Apple Watch in measuring HR and SpO2 in patients with
chronic diseases including diabetes, hypertension, and dyslipidemia. Modern medicine continues to continuously update
the tools and procedures to effectively face chronic diseases’ impacts. These procedures can effectively facilitate health
care service delivery, early diagnosis, patient motivation, and self-care organization.>® The HR and the Spo2 are among
the most important health-related technological innovations.

Cardiovascular diseases (CVD) and associated risk factors, including diabetes, hypertension, and hyperlipidemia are
among the most common reasons for death globally, affecting the majority of adults older than 60 years old.*’

100 4

Contec blood oxygen before exercise
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Figure 2 Blood oxygen correlation at rest for all patients with chronic diseases.
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Figure 3 Blood oxygen correlation after exercise for all patients with chronic diseases.
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Figure 4 Blood oxygen at rest for all patients with chronic diseases.
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Figure 5 Blood oxygen after exercise for all patients with chronic diseases.
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Table 2 Pearson or Spearman Correlation Between Apple Watch and Polar Chest Strap in
Patients with Chronic Diseases for HR During Whole Session

Outcomes Mean (SD) of Practical | Mean (SD) of R (p value)
(Apple Watch) Criterion (Polar)

HR for Hypertension patients 102.33(11.68) 102.35(11.63) 0.001(<0.001)

HR for diabetic patients 103.58(10.10) 103.62(10.08) 0.001(<0.001)

HR for dyslipidemia patients 104.88(7.23) 104.84(7.10) 0.001(<0.001)

HR for all chronic patients 103.29(10.15) 103.30(10.10) 0.99(<0.001)

Abbreviations: R, Pearson or Spearman correlation coefficient; HR, Heart rate; SD, Standard deviation.

The continuous growth of the wearable devices market is due to rapid development and adaptation as well as low
product costs compared to hospital devices such as the ECG.*’

The HR is tightly and linearly correlated with the oxygen consumption at a specified time point.>® Monitoring of other
vital variables such as the SpO2 is recommended in patients suffering hypoxia to improve their survival;*® in post-
operative and post-arrest cardiac patients;*® the pulse oximeter is the most widely used instrument to evaluate the SpO2
because of its accuracy and ease of application.*!

In this study, the HR and the SpO2 were evaluated for the first time in the 41 male patients with chronic non-
communicable diseases (hypertension, diabetes, and dyslipidemia). The HR was evaluated before, during, and after the
moderate-intensity exercise session, while the SpO2 was evaluated before and after the moderate-intensity exercise training
session using the Apple Watch compared with the polar chest strap and standard commercial pulse oximeter devices.

The main results of the present study are the close concordance and non-significant differences between the Apple
Watch and the standard procedures during evaluation of the Spo2 and the HR in patients with chronic diseases. Results
showed a strong correlation between the Apple Watch and the polar chest strap in evaluating HR at rest and during
exercise sessions. Results also revealed a strong correlation between the Apple Watch and the standard commercial pulse
oximeter device in evaluating the SpO2 in patients with chronic non-communicable diseases before and after exercise
sessions. Fortunately, participants skin color yielded non-significant effects on the study outcomes since no obvious
variability exists related to the patients’ skin color between the white and brown skin colors (P = 0.76) between the Apple
Watch and the Contec before exercise in the SpO2 variable, but the study did not include any patients with dark colors.

The current study findings are largely in agreement with Spaccarotella et al, who evaluated the Spo2 and the HR
using the Apple Watch 6 and the standard SpO2 monitoring system in 257 patients with pulmonary (60 patients) or
cardiovascular diseases (141 patients), in addition to 56 healthy participants as a control group. They concluded that there
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Figure 6 Heart rate for all patients with chronic diseases.
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Figure 7 Heart rate correlation for all patients with chronic diseases.

was a very good concordance (r = 0.89) in the SpO2 measured by the smartwatch compared to that measured by the
standard SpO2 monitoring system (lower limit: —3.49 and upper limit: 3.04), with the difference between the two mean
readings being clinically non-significant (p = 0.46), and subgroup comparisons were also non-significant.**

Oxygen saturation is most commonly evaluated in clinical practice by the pulse oximeter device because of its non-
invasive nature and ease of use, especially in out-of-clinic situations. The Spo2% is the fraction of oxygen-saturated
hemoglobin relative to the total amount of functional hemoglobin. It is important to continuously monitor the SpO2 due
to its importance since it is sometimes considered “the fifth vital sign” after the HR, respiratory rate, blood pressure, and
temperature.”> The Spo2 is a strong indicator of cardiopulmonary system health and function, and can be used as a guide
during the management of chronic disorders.**

Using the updated Apple Watch technology; the level of SpO2 is measured via sensors consisting of 4 LED clusters in
addition to 4 photodiodes, all of which are completely incorporated into a redesigned crystal. The red, green, and infrared
LEDs are emitting light into the blood stream, while the photodiodes are sensitive to the amount of reflected light to
measure the Sp02.*?

The main health-related goal of the wearable devices is the monitoring of the body’s vital signs and activity responses
in varieties of chronic diseases such as diabetes, dyslipidemia, and hypertension, objectively evaluating patient com-
pliance, and improving the treatment process in general.>> Recent research has evolved the promising role of wearable
devices during long-term out-clinic vital signs evaluation. Using a smartwatch application makes it feasible and easy for
patients and healthy subjects to continuously evaluate their blood pressure (BP), SpO2, and HR at home.*>*®

Home-based evaluation of the vital signs using personal monitoring devices such as Apple Watch is becoming more
common and can be considered as effective as clinic-based HR and BP evaluation in predicting cardiac insults, as this
can protect some patients with chronic diseases including diabetes, hypertension, and dyslipidemia, who are at risk for
developing cardiac diseases,*’ from death or some cardiac disease, as some of these patients HR may drop suddenly,*®
and in situations when regular HR and BP monitoring and follow-up become challenging and can predispose the patients
to serious consequences.*>*’

Regarding HR monitoring, the results of the current study were supported by those of the previous reports, which
concluded that there was excellent agreement between the HR evaluated by the Apple Watch and the Polar chest strap.*
Falter et al also concluded that utilizing the Apple Watch in evaluating the accuracy of the indoor training HR over the
average of 30 seconds is clinically acceptable, the matter that projects to recommend the Apple Watch during cardiac
rehabilitation.*’

Numerous articles reported the good accuracy of the Apple Watch compared with the gold standard device in
monitoring HR in healthy subjects.”® ' Weng et al reported the feasibility of utilizing the Apple Watch in monitoring
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the HR in post-discharge acute myocardial infarction patients affected with type 2 diabetes, hypertension, or hyperlipi-
demia since they are affected by a slower reduction in their HR relative to their counterparts.>”

The results of the current study were augmented by those of Miller et al, who reported a high intraclass correlation
coefficient (ICC) for the Apple Watch (0.96 and 0.67), and for the Polar Vantage (0.93 and 0.65).>% Also, excellent
agreement (r = 0.98) was observed between the Apple Watch-HR and standard monitoring system-HR (lower limit:
—5.84 and upper limit: 5.63), with the difference between the two mean readings being clinically non-significant (p =
0.93), and subgroup comparisons were also non-signiﬁcant.%

Previous studies positively concluded the accuracy of the photoplethysmography (PPG) technology-based HR
evaluation during different activity modes, including those with limited wrist movement and high periodic
movements.?*>%47% Moreover, previous studies found that the Apple Watch is valid to measure blood oxygen in
patients with lung diseases,”’ healthy adults with hypoxemia,™ pediatric and adult congenital heart diseases cardiac
patients,” Our results are in alignment with the previous studies, and our study is the first to investigate the validity of
the Apple Watch in chronic diseases (diabetes mellitus, hypertension, and dyslipidemia) separately.

Strengths and Limitations
The sample size of this study was suitable to validate the Apple Watch in patients with chronic diseases. Including only
males could be one limitation in this study, but no previous studies reported any difference between males and females on
measuring the HR or the SpO2 by using the Apple Watch. Limited data regarding the participants activity level as well as
short training duration (one session) existed as limiting factors that should be compensated in future studies.

Future research, with the inclusion of different wearable devices, and more variables and patient groups with chronic
diseases, is needed to further clarify the accuracy of the wrist-worn devices during the evaluation of the cardiovascular

and metabolic variables in those patients.

Conclusions

The Apple Watch used for monitoring the HR and the SpO2 provides satisfactory results when compared with standard
evaluation devices. The excellent correlations between the Apple Watch results and the standard evaluation procedures
support the concept of increasing its use in clinical practice settings for monitoring the HR and the SpO2 in patients with
chronic diseases, particularly those who are at risk for developing cardiac diseases.
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