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Abstract

Background: Parkinson disease (PD) is the second most common neurodegenerative disease, affecting approximately 1% of
the world’'s population. Increasing evidence suggests that aerobic physical exercise can be beneficial in mitigating both motor
and nonmotor symptoms of the disease. In a recent pilot study of the role of exercise on PD, we sought to confirm exercise
intensity by monitoring heart rate (HR). For this purpose, we asked participants to wear a chest strap HR monitor (Polar Electro
Oy) and the Fitbit Charge 4 (Fithit Inc) wrist-worn HR monitor as a potential proxy due to its convenience. Polar H10 has been
shown to provide highly accurate R-R interval measurements. Therefore, we treated it as the gold standard in this study. It has
been shown that Fitbit Charge 4 has comparable accuracy to Polar H10 in healthy participants. It has yet to be determined if the
Fitbit is as accurate as Polar H10 in patients with PD during rest and exercise.

Objective: This study aimed to compare Fitbit Charge 4 to Polar H10 for monitoring HR in patients with PD at rest and during
an intensive exercise program.

Methods: A tota of 596 exercise sessions from 11 (6 male and 5 female) participants were collected simultaneously with both
devices. Patients with early-stage PD (Hoehn and Yahr <2) were enrolled in a 6-month exercise program designed for patients
with PD. They participated in 3 one-hour exercise sessions per week. They wore both Fitbit and Polar H10 during each session.
Sessions included rest, warm-up, intense exercise, and cool-down periods. We calculated the biasin the HR of the Fitbit Charge
4 at rest (5 min) and during intense exercise (20 min) by comparing the mean HR during each of the periods to the respective
means measured by Polar H10 (HRFitbit — HRPolar). We al so measured the sensitivity and specificity of Fithit Charge 4 to detect
average HRsthat exceed the threshold for intensive exercise, defined as 70% of anindividua’stheoretical maximum HR. Different
types of correlations between the 2 devices were investigated.

Results: The mean bias was 1.68 beats per minute (bpm) at rest and 6.29 bpm during high-intensity exercise, with an
overestimation by Fitbit Charge 4 in both conditions. The mean bias of the Fitbit across both rest and intensive exercise periods
was 3.98 bpm. The device's sensitivity in identifying high-intensity exercise sessions was 97.14%. The correlation between the
2 devices was nonlinear, suggesting Fitbit's tendency to saturate at high values of HR.

Conclusions: The performance of Fithit Charge 4 is comparable to Polar H10 for assessing exercise intensity in a cohort of
patients with PD (mean bias 3.98 bpm). The device could be considered areasonabl e surrogate for more cumbersome chest-worn
devicesin future studies of clinical cohorts.
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Introduction

Background

Parkinson disease (PD) is the second most common
neurodegenerative disease and affects approximately 1% of the
world’'s population [1]. The main symptoms characterizing this
disease are bradykinesia, rigidity, tremor, and postural instability
as well as nonmotor symptoms, such as anxiety, depression,
deep disturbance, and fatigue. Evidence suggests that aerobic
physical exercise can be beneficia in mitigating motor
symptoms and slowing the progression of the disease [1-3].

The extent of benefits observed differs depending on the exercise
type, intensity, and duration. Various recent clinical trials have
concluded that moderate- to high-intensity exercise several
times per week, when maintained over extended periods, is
associated with slower deterioration of motor symptomsin PD
[4,5].

Since different types of exercise interventions at varying
intensity levels are used in clinical trials for PD and other
clinical populations, there is a need for objective methods to
monitor the intensity of physical activity. The popularity of
wearable devices has grown, as they have become more
affordable, useful, and less intrusive [6]. However, it is still
necessary to establishthereliability of thesedevicesintracking
physiological parameters during both clinical trialsand personal
use.

Wearables can measure many different parameters, such as heart
rate (HR), number of steps, calories expended, and quality of
deep. HR is considered an essentia indicator of physiological
adjustment and intensity of effort [7]. HR is correlated linearly
with moderate- and vigorous-intensity physical exerciseandis
a valuable option to monitor the intensity of activities (eg,
cycling, swimming, and activities that are not ambulatory) that
may not be easily measured with other methods, such as
accelerometry [8]. Following the American Heart Association
guidelines, vigorous exercise intensity can be defined as 70%
to 85% of the maximum HR [9]. Many different tools can be
used to assess HR, such as el ectrocardiogram (ECG) monitors,
chest, shoulder and arm straps; and wrist watches.

In this study, we compared Polar H10 (Polar Electro Oy) and
Fitbit Charge 4 (Fithit Inc), two types of wearable devices that
are commonly used as activity trackers and HR monitors.

The Polar Heart rate (referred to as Polar H10 in this paper) is
a chest strap that uses ECG technology to measure the R-R
interval. The Polar H10 has been reported to be highly correlated
to 3-lead ECG Holter monitor (r=0.997) and is now considered
the gold standard for assessment of R-R intervals in sports
settings [10] as well as maintaining a certain accuracy in older
adults affected by cardiac disease [11]. Despite its accuracy,
the Polar H10 monitor is often perceived as too cumbersome
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to use, and it may cause discomfort, especially for older people
[12]. Since it needs to be strapped across the sternum, it may
be difficult to tolerate over extended periods[12]. On the other
hand, as a wrist-worn tracker, Fitbit Charge 4 (referred to as
Fitbit in this paper) is more convenient and comfortableto wear,
and it promotes patient compliance in studies requiring
prolonged measurements [13]. According to Diiking et al [14],
wrist-worn wearables, being ableto provide direct biofeedback,
have the potential to increase participation in exercise.

Fitbit Charge4 isarecent model of the Fitbit Charge HR series,
released in March 2020. It is a wrist-worn device that detects
HR by measuring the volume changes in blood vessels via a
photopl ethysmography (PPG) optical HR sensor [7]. Originaly
designed to motivate peopleto exercise, Fithitsareincreasingly
used as measurement devices in physical activity and health
promotion research; they are al so used for guiding patient-health
professional interactions [15].

Fitbits are commonly used for research purposes[16], but there
is no consensus in the scientific literature regarding their
accuracy for quantifying HR and confirming high intensity.
Some authors have concluded that the device provides values
of HR comparable with criterion field-based measures, while
others have found that Fitbit does not satisfy the validation
criteria, especially during higher exerciseintensities[17]. There
is even less information on the accuracy of the device in older
individuals affected by chronic diseases[13]. Further evaluation
is needed.

Ensuring the accuracy of exercise session intensity assessment
is crucial in clinical studies involving sports activities and
clinical populations. It has yet to be determined if Fitbit has
comparable accuracy to Polar H10 in selecting high-intensity
sessionsin patientswith PD or in clinical populations, generally.

Objective

This paper aims to compare Fitbit Charge 4 to Polar H10 for
monitoring HR, confirming high-intensity exercisesin patients
with PD engaging in an intense exercise program and supporting
its potential utility asan activity tracker for usein large clinical
trials with similar cohorts.

Methods

Population and Study Design

The data for this paper were acquired as part of alarger study
to evaluate the role of physical exercise in PD, in which we
sought to confirm exercise intensity by monitoring HR. In brief,
atotal of 11 participants, 6 of whom were male, aged 58-68
years, al with early-stage PD (defined according to the
Movement Disorder Society criteria [18]) were recruited.
Participants were excluded based on the criteria of the larger
study, as follows: (1) heavy drinking or illicit drug use, (2)
neurologic or psychiatric disorders other than PD, (3) diseases
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interfering with one's ability to exercise, (4) contraindication
to positron emission tomography or magnetic resonance imaging
scans, (5) severe motor symptoms (tremor and dyskinesia) likely
tointroduce motion artifactsinimaging data, (6) unsafeto come
off dopaminergic medication, (7) BMI1>30 (practical issueswith
the neuroimaging equipment), (8) extreme exercisers, and (9)
Hoehn and Yahr disease stage>2 (stage 2 corresponds to mild
bilateral disease with intact balance [19]). None of the
participants had a history of arrhythmias or any other cardiac
conditionsthat could potentially affect the measurements of the
devices. Additionally, none of them were under medication,
such as AV nodal blockade therapy, which might have altered
the HR detection capabilities of Polar H10 and Fitbit Charge 4.

Each participant engaged in exercise for a period of 6 months,
with at least 3 Beat Parkinson’'s Today (BPT) exercise sessions
per week. The BPT program is an established exercise program
that combines those aspectsthat have been shown to be the most
effective in achieving symptom improvement in PD [20], such
as high-intensity interval training and boxing [21,22]. Each
session included a mix of these 2 activities, which could be
adapted to any fitnesslevel. Functional interval training circuits
were designed specifically to improve explosiveness, gait, and
strength. Trainers continuously encouraged participantsto work
at their own personal level of maximum intensity while
attempting to reach atarget HR.

To compare the performances of devices, participants were
equipped with aFitbit and aPolar H10. The Fitbit wasworn on
the wrist and positioned a finger’s width above the wrist bone,
as recommended by the company. The wrist-worn tracker was
situated on the side less affected by PD. The Polar HR sensor
was placed over the sternum and held in place by a chest strap.
The exercise sessions lasted 60 minutes, including warm-up, at
least 20 minutes of high-intensity exercise, boxing, and
cool-down. When unable to attend classes, participants were
encouraged to exercise on their own and monitor their HR using
both wearables.

Ethical Consider ations

All procedures with human subjects were approved by the
Human Investigations Committee of Yale University (approval
number 2000028563).

HR Data Processing From Wear ables

The datafrom Fitbit Charge 4 were collected by synchronizing
each watch with an anonymized web-based account for each
participant and downloaded via the mobile app Pulse Watch
[23]. The datafrom Polar H10 were exported using the mobile
app Elite HRV. The Fitbit data were sampled every minute by
the Pulse Watch app.
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The data from Elite HRV were converted from R-R intervals
to beats per minute (bpm) and were filtered using a Python
function called Butterworth filter to remove high-frequency
artifacts. The order was set to 5, and the filter was applied at a
frequency of 0.1 Hz. Theresulting data set was in units of bpm
collected per 10 seconds and was then sampled every minute.
The Fitbit data were sampled every minute by the Pulse Watch

app.

Thevalidity of Fitbit was compared with Polar H10 in terms of
averages between single data points. For each session, HR
averages (HRy) from both the first 5 minutes, generally
coinciding with the rest period before the start of the exercises,
and from the 20 minutes of the highest-intensity exercise were
calculated. The 20 minutes of the highest-intensity exercise
were extracted from the data by calculating the HR average for
consecutive 20-minuteintervals, starting fromtheinitial interval,
then shifting forward by 1 minute at a time, and then picking
the highest average.

The session averages were then collected, and the values from
the 2 different devices were paired. Data alignment, filtering,
and calculations were performed with Python (Jupyter
Notebook). The precise timestamps for recordings from both
devices were available and were used for data alignment. Out
of apossible 792 paired sessions, atotal of 596 paired sessions
were obtained. Data were lost due to multiple
factors—nonattendance of the participants, misplacement of
the devices, and injuries. The data obtained were contributed
roughly equally by all the participants, with a mean of 54
ons per participant (Table 1).

To ensure the capability of Fitbit, compared to Polar H10, in
evaluating theintensity of an exercise session, every HR average
(HRu) was normalized (HRy)) by different percentages of each
participant’s own theoretical maximum HR (HRyyms,) USing the
following formula

HR,

HRy = —F—
b HRth/max

where the term HRyymax 1S given by the following: HRyymax =
220 —age

A session was considered positive if the ratio was >1 and
negative if the ratio was <1. Measurements with the Polar H10
were considered to be the gold standard. Therefore, a session
was a“true positive” if the ratio was >1 for both devices, “true
negative’ if the ratio was <1 for both devices, “fase positive”
if the ratio was >1 for Fitbit and <1 for Polar H10, and “false
negative’ if theratio was <1 for Fithit and >1 for Polar H10.
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Table 1. Mean difference and limits of agreement (LoA) calculated individually by participant.

Participant Age (years) Recorded sessions, n Mean difference at base- LoA (bpm) Mean difference at LoA (bpm)
line conditions (bpm®) high-intensity exercise
conditions (bpm)

Participant 1 58 81 277 -20.4t014.8 —2.52 -17.3t018.7
Participant 2 73 43 -1.25 -19.4t016.9 -11.26 -13.9t0 35.7
Participant 3 60 55 193 —26.4t030.1 0.42 -31.6t030.8
Participant 4 63 38 -1.35 -16.2t0 135 -5.93 —4.65t016.5
Participant 5 63 56 0.05 -12t011.9 -16.37 —7.46t037.6
Participant 6 76 98 0.61 -14.1t015.3 -15.94 —-9.50t041.3
Participant 7 56.3 61 —6.94 -31.3t017.4 9.44 -36.2t017.3
Participant 8 68 28 -38.01 —20.4t04.40 —12.14 -10.2t0 25.2
Participant 9 66.6 43 -1.25 -25.4t022.9 -5.65 —-6.18t0 17.5
Participant 10 66.6 56 —2.71 —21.9t016.1 —20.10 -12.9t049.3
Participant 11 68 36 0.82 -18.3t019.9 591 —27.4t0155

3Bpm: beats per minute.

HR Data Comparisons Between Wear ables

All statistical analyses were conducted using Microsoft Excel
16 and MatL ab (Mathworks, 2018b). To guarantee consi stency
of the results and the calculations of HR averages at baseline
and high-intensity conditions, exercise sessions|lasting lessthan
20 minutes were excluded from the analysis.

A Bland-Altman plot was used to evaluate the agreement
between the two methods of measurement, with the limits of
agreement (LoA) defined as the mean difference plus or minus
1.96 SD of the difference. The mean difference in HR between
the Fitbit and Polar H10 was cal cul ated for the cohort and every
participant, both at baseline (rest period) and during
high-intensity conditions. A final average of the two mean
differences was assessed and considered to be the mean bias.
Evaluations were conducted for both intrasubject and
intersubject variability (Table 1).

The relationship between both devices at baseline and during
high-intensity conditions was determined. The quality of the

linear fit was assessed with the R? value, considering the data
from baseline and high-intensity conditions separately.
Subsequently, the entire data set of session HR averages was
fitted with linear, logarithmic, negative exponential, and sigmoid
model functions to explore different types of relationships
between the two devices. The Akaike information criterion
(AIC) value was used to assess the relative quality of thefits.

Sensitivity and Specificity

To determine Fithit's sensitivity, specificity, positive predictive
value (PPV) and negative predictive value (NPV) inidentifying
high-intensity exercise sessions, European and American
Guiddines cutoffswere applied [24]. Polar H10 was considered
to be the gold standard.

To illustrate the sensitivity and specificity of the Fitbit, a
receiver operating characteristic (ROC) curve was created for
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different levels of target HR. The area under the curve (AUC)
was used asanindicator of Fitbit's capability for distinguishing
between high-intensity and low-intensity exercise sessions.

Results

The Bland-Altman plots revealed that the mean bias between
the Fitbit and Polar H10 was 1.68 bpm (LoA —21.52 bpm to
18.8 bpm) at baseline conditions and 6.29 bpm (LoA —22.02
bpm to 36.2 bpm) under high-intensity exercise (Figure 1).
Overall, the mean bias of the Fithit was 3.98 bpm.

When data from baseline and high-intensity conditions were
taken separately, the linear correlations were, respectively, as
follows: R°=0.45 (baseline); R°=0.23 (high-intensity condition;
Figure 2).

The fit of the combined high-intensity and baseline data to a
sigmoid model resulted inthelowest AIC value (A1C=6.03e+03;
Figure 3).

When the mean differences were calculated individually by
participant, there was evidence of intersubject and intrasubject
variability (Table 1).

With 70% of maximum HR asthe tailored threshold indicating
high intensity and considering Polar H10 as the gold standard,
the sensitivity, specificity, PPV, and NPV of the Fitbit were
97%, 11%, 89%, and 35%, respectively. With 85% of the
maximum HR asthe threshold, the sensitivity, specificity, PPV,
and NPV of the Fitbit were 78%, 56%, 62%, and 73%,
respectively (Table 2).

These indicators of performance at the 2 different thresholds
can be visualized graphically in Figure 4. As expected, when
the threshold was set higher, the number of true positives
decreased, and the sensitivity of the Fitbit decreased.

The ROC curve (Figure 5) depicts the performance of Fitbit
Charge 4 for varying HR thresholds. The AUC was 0.71.
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Figure 1. Bland-Altman plots for the difference in heart rate average by every session. The solid line represents the mean bias. The dashed lines
represent the limits of agreement. Dots of different colors represent different participants. (A) Bland-Altman plots at baseline conditions and (B) at
high-intensity conditions. Bpm: Beats per minute.
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Figure 3. Mode fits of Fitbit Charge 4 versus Polar H10. (A) linear, (B) logarithmic, (C) A-exponential, and (D) sigmoid. The blue dots represent
heart rate averages from every session; the red solid lines represent the fitted curves. Akaike information criterion (AIC) values and fitting equations
are shown as well. Bpm: Beats per minute.
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Table 2. Sensitivity and specificity of Fithit Charge 4 given 70% and 85% of the maximum heart rate (HR) as thresholds.

Threshold True positives, Falsepositives, Truenegatives, Falsenegatives, Sensitivity (%) Specificity (%) ppy2 NPVP
n n n n (%) (%)

70% of the 509 63 8 15 97.1 11 89 35

maximum HR

85% of the 223 134 172 64 78 56 62 73

maximum HR

3PPV positive predictive value.
NPV negative predictive value.
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Figure4. (A) The number of true positives, false positives, true negatives, and fal se negatives based on a target of 70% of maximum heart rate (HR)
and (B) based on atarget of 85% of the maximum HR. The y-axis and x-axis are normalized; the dots represent the normalized value of each exercise
session. The blue dots represent the true positives (>1 for both devices); the red dots represent the false positives (>1 for Fitbit Charge 4 and <1 for
Polar H10); the yellow dots represent the true negatives (>1 for both devices); and the green dots represent the false negatives (<1 for Fitbit Charge 4

and >1 for Polar H10).
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Discussion

Principal Results

To our knowledge, this is the first evaluation of Fitbit Charge
4 with a population of individuals with PD. We found the bias
to be approximately 3.98 bpm during intense exercise. The
magnitude of biasin the Fitbit is consistent with areport from
a meta-analysis published in 2022 [16] (mean bias 3.39 bpm;
LoA —24.3 bpm to 17.53 bpm). Thus, we conclude that the bias
of the device, while remaining statistically significant in
comparison to more precise devices, like Polar H10, is not
influenced by PD and its associated symptoms, such astremors
and rigidity. Rather, it may bealimitation of the manufacturer’s
software process for processing data from the PPG technol ogy.
The algorithm adopted by the company to estimate HR from
the PPG measurements is confidential, but some authors
suggested that it may rely on the P-P intervals of the PQRST
wave (atrial contractions). Not al the P peaks are consistently
present and detectable when the frequency increases. ECGs, on
the other hand, register the full PQRST wave and quantify the
final HR by using the interval between R peaks, making it less
prone to these artifacts. R peaks (ventricular contractions) are
the best detectable peaks in the PQRS wave. Consequently, the
calculation of the HR by PPG can be influenced by inaccurate
sampling and recording of the P peaks [7]. Moreover, the
performance of Fithit, as with all wrist-based devices, is
dependent on correct placement on the wrist. Therefore, when
wrist movements are greater, measurement accuracy may be
compromised. Deviceslike Polar H10, which are placed on the
chest, may be less prone to movement artifacts [25].

Bland-Altman analysis showed that Fitbit tended to overestimate
the values of HR compared to Polar H10 in high-intensity
conditions. This result contradicts most of the previous reports
[7,15,16]. The overestimation could be due to the peculiar
characteristics of this study population (older adults affected
by PD). These 2 conditions are known to potentially increase
the heterogeneity of Fitbit accuracy results [16]. In previous
studies, Fithit overestimated time spent on moderate to vigorous
activity in clinical populations with functional limitations,
compared to the criterion devices [26]. Even though in our
cohort, the disease appeared not to have an impact on Fithit's
magnitude of error, it could have atered the sign of the error.
There are some additional conditions of our study to consider.
The maximum HR values reached by our participants cannot
be compared with those reached by a cohort of young, healthy
individuals. If HR values had been higher, we might have
observed an underestimation by Fitbit. Another important factor
to consider isthe particular Fitbit model. The only Fitbit Charge
4 validation study was conducted in 2022 [17], which evaluated
the device on 23 young participants (average age 24.2 years)
without any underlying health conditions.

The linear correlation between the two devices was poor,
especiadly in high-intensity exercise conditions (baseline:
R?=0.45; high-intensity conditions; R?=0.23; Figure 2). From
our statistical analysis, the sigmoid fit, which resulted in the
lowest AIC, best described the relationship between Fitbit and
Polar H10 (Figure 3). The tendency of Fitbit to saturate at the
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highest HR values suggests a diminishing ability of Fitbit to
resolve high HR values. This finding is in agreement with the
existing literature [27]. The reduced precision of Fitbit in
measuring high HR values may be attributed to motion artifacts
due to physical movement, particularly those involving arm
movements, aswell as potential misalignment between the skin
and the optical sensor [27]. Another hypothesis suggests that
wrist-worn devices may not be as sensitive to sudden changes
in exercise intensity [25], which occur frequently in
high-intensity interval training, asused in our study. Peripheral
resistance is lower at the wrist, which reduces pulse pressure
changes and alters blood pulse detection. [25]. Although the
sigmoid function was the best fit for the data acquired in this
cohort, we caution against using the sigmoid model to
extrapolate the relationship between the Fitbit and chest strap
HRs beyond the range of HR values acquired in this study. In
other words, if future studiesin patientswith PD seek to acquire
Fitbit dataonly (no chest strap data) and want to use this model
to predict the chest strap HR, the authors recommend only
applying the model to data with HR in the range of 60 bpm to
160 bpm.

We also examined the ability of Fitbit to discriminate HR during
high-intensity sessions, via the ROC curve. An AUC of 0.5
generaly indicates no discrimination; an AUC of 0.7 to 0.8
indicates acceptable discrimination; an AUC of 0.8 to 0.9
indicates excellent discrimination; and an AUC of more than
0.9 indicates exceptional discrimination [28]. The Fithit's
measurement can be considered acceptable (AUC 0.71; Figure
5). Consequently, this device is acceptable in identifying
correctly high-intensity exercise sessions and could be used
with caution in large clinical trialsin patients with PD.

Limitations

Our study is not without limitations. First, the number of
sessions is not equally distributed between participants. Thus,
some participants may have exerted agreater impact on thetotal
mean difference between the devices than others, as shown in
Table 1.

We considered the first 5 minutes of every exercise session as
the baseline, during which participants were instructed to sit
and breathe. However, there were instances of participants
arriving late or forgetting to activate the device at the start of
the session, potentially confounding the baseline measurements.
Consequently, the values of HR recorded during baseline
conditions may have been artifactually high.

When participants were unable to attend classes, they were
encouraged to exercise independently while monitoring HR
using both devices. However, during these unsupervised
sessions, we were unable to ensure the proper fit of both devices,
potentially affecting the accuracy of the measurements obtained.

The data processing involved multiple stages of averaging,
ranging from a subsecond level to a per-minute level and
ultimately to an exercise-session level. Although thisaveraging
approach allowed us to accomplish the study objectives, it may
have potentially compromised the precision and reliability of
our comparisons.
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Dueto theinclusion and exclusion criteria of the previous study,
only 11 participants, affected by mild PD were taken into
account. It is possible that the outcomes would have been
different with the inclusion of participants with severe PD,
affected by motor symptoms likely to introduce motor artifacts
in wearables data. Given the small number of participants and
the peculiar characteristics of the cohort, our findings may not
be applicableto al patients with PD. For future studies, it may
be crucial to involve participants at more advanced stages of
the disease to effectively assess Fitbit’s performance under these
conditions.

Colonnaet d

is represented by each participant's LoA and intersubject
variability is depicted as each participant’'s HR mean difference
(Table 1). The wide LoA observed in the mean bias of Fitbit
Charge 4 emphasizes some reasons for cautious interpretations
of theresults.

Conclusions

The magnitude of bias and the LoA for Fitbit were consistent
with those of previous studies, and the performance of Fitbit
fell within the range of 4 bpm, compared to Polar H10 for
assessing intense exercise in a cohort of patients with PD. A

wrist-worn device, Fithit, offers clear advantages in terms of
wearability and practicality. In future studiesinvolving clinical
populations, the device could be considered as a reasonable
alternative to the more intrusive chest strap technology.

Lastly, the cohort in our study demonstrated significant
intrasubject and intersubject variability, attributed to factors
such asage, sex, and physical condition. Intrasubject variability
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Bpm: beats per minute

ECG: electrocardiogram

HR: heart rate

LoA: limits of agreement

NPV: negative predictive value

PD: Parkinson disease

PPG: photoplethysmography

PPV: positive predictive value

ROC: receiver operating characteristic
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