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ABSTRACT
Introduction: Technological innovations have lead to the development of Wearable
Physiological Monitoring devices, that have enabled researchers and clinicians in real-time
monitoring of physiologic function within a field setting. However, it is important to
establish the psychometric properties of a device prior to its utilisation.
Thesis Objectives: A systematic review was conducted to provide a summary and appraise
the quality of the literature on psychometric parameters of Zephyr Bioharness and Fitbit
devices. Based on this review, we addressed the current gaps in the literature regarding the
reliability parameters of Zephyr Bioharness and Fitbit Charge devices, and established the
validity and agreement properties of Fitbit Charge device.
Methods: For our systematic review, we searched the Google Scholar and PubMed
databases to identify articles. To establish the reliability, validity and agreement parameters
of Zephyr Bioharness and Fithit Charge devices, a convenience and snowball sampling
approaches were used to recruit sixty participants (30 females) from university student,
staff, faculty population, and MacSeniors Community Program at McMaster University.
The performance of Zephyr and Fitbit devices were assessed throughout three phases; rest,
Modified Canadian Aerobic Fitness Test and recovery.
Results: In our study, at rest, inter-session average heart rate (beats/min.) ICCs (SEM) for
Zephyr and Fitbit ranged from 0.90 — 0.94 (1.73 — 2.37) and 0.88 — 0.94 (1.83 — 2.67)
respectively. At mCAFT, the Zephyr ICCs (SEM) ranged from 0.91 — 0.97 (3.12 — 4.64)
and 0.85 — 0.98 (3.28 — 4.88) for the Fitbit. Throughout the recovery, the ICCs (SEM)

ranged from 0.93 — 0.97 (2.65 — 4.66) and 0.76 — 0.91 (3.17 — 4.67) for Zephyr and Fitbit
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devices respectively. Pearson’s correlation coefficients and (Mean differences) for heart
rate variable were 0.97 — 0.99 (-0.60 — 0.02) at Rest, 0.89 — 0.99 (13.51 — 0.62) at
submaximal testing and 0.70 — 0.84 (-0.54 — 2.52) throughout recovery. The average
agreement bias of heart rate in pair-wise device comparison indicated mean differences of
-0.20, 4.00 and 1.00 at rest, sub-maximal testing and recovery respectively.

Conclusions: We identified fair to very good quality evidence from 14 studies. The Zephyr
Bioharness and Fitbit Charge devices demonstrated excellent reliability measures, and the
Fitbit Charge device heart rate variable demonstrated strong to very strong correlations
when concurrently compared with Zephyr, and provided valuable information regarding its
interchangeable use in a sample of sixty healthy male and female participants of various

age groups during a resting, standardized submaximal fitness and recovery phases.
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CHAPTER 1: INTRODUCTION
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Wearable Devices:

Technological innovations have lead to the development of Wearable Physiological
Monitoring (WPM) devices, that have enabled researchers and clinicians in real-time
monitoring of physiologic function within a field setting (Li et al., 2016). WPM devices
are small, portable, less costly and use wireless technology to provide a non-invasive long-
term method of capturing physiological measures on the wearer in the home and
community settings (Johnstone et al., 2012; Bonato 2010). Prior to the development of
WPM devices, manual and observational methods were used to quantify physiological
measures such as heart rate, respiratory rate and number of steps taken in a field setting
(Bianchi et al., 2013). In addition, levels of energy expenditures were assessed using
subjective measures including questionnaires or surveys (Ceesay et al., 1989). Manual
pulse palpation of an artery and direct observation of respiration are costly in terms of time
and personnel and more importantly provide inaccurate results in assessing heart rate and
respiratory rate measures respectively (Bianchi et al., 2013; Jovanov et al., 2002).
Furthermore, in assessing energy expenditures through subjective measures, issues such as
under or over estimation of activity levels due to social desirability or intricate
questionnaires, as well as inaccurate reporting due to impaired memory among young or

elderly populations have been reported (Vanheesa et al., 2005).

Importance of Physiologic Measures:
Monitoring of physiological measures such as; heart rate, steps taken and energy

expenditures, have important implications. Long-term studies have reported that higher
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levels of resting heart rate, lower maximal exercise-induced heart rate and a delay in heart
rate recovery after exercise, have been found to be good predictors of cardiovascular and
all-cause mortality among health individuals regardless of physical fitness levels, age or
conventional coronary risk factors (Sandvik et al., 1995; Cole et al., 1999; Jensen et al.,
2010; Jensen et al., 2013). Furthermore, a twenty-three year follow up study of 5713
individuals with no history of cardiovascular disease, demonstrated that increased risk of
sudden death was associated with a resting heart rate of greater that 75 beats per minute, an
increase in heart rate during exercise that was less than 89 beats per minute (peak exercise
levels — resting levels) and a decrease in heart rate of less that 25 beats per minute after
cessation of exercise (peak exercise level — one minute post exercise) (Jouven et al. 2005).

To determine the effectiveness of an exercise session, it is necessary to evaluate its
intensity levels by calculating the total sum of energy expended throughout the entire
exercising session. This involves the use of indirect calorimetry, — a laboratory-based
method, to measure the amount of gaseous exchange and energy produced. For every litre
of oxygen consumed and carbon dioxide produced (gaseous exchange), a specific amount
of energy is expended (kilocalories) depending on individuals’ body weight as well as the
exercise/task undertaken (Achten & Jeukendrup 2003; Hills, Mokhtar & Byrne 2014). The
application of this method is limited and can not be extended to non-laboratory settings. A
much more practical and valid method of assessing exercise intensity levels in a field
setting involves the use of heart rate monitoring (Achten & Jeukendrup 2003). A linear

relationship exists between heart rate and oxygen consumption (VO>) levels, and since VO
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is regarded as a good indicator of energy expenditures, heart rate monitoring can be used
to precisely estimate exercise intensity levels (Achten & Jeukendrup 2003).

Maximal oxygen consumption (VO2-max), reflects upon an individual’s
cardiorespiratory fitness (CRF) levels (American College of Sports Medicine 2013). CRF
is a term that relates to an individual’s ability to carry out dynamic, moderate -to-high
intensity exercise involving large muscle groups for extended periods. The importance of
measuring CRF is that it is regarded as one of the best indicators of collective health, which
provides both prognostics and diagnostic information regardless of presence or absence of
chronic disease (American College of Sports Medicine 2013). The evidence reports that a
low level of cardiorespiratory fitness is considered as an independent risk factor for all-
cause and cardiovascular mortality. In addition, CRF is associated with an one’s functional
capacity. Therefore, an individual with higher CRF levels would be able to carry out
occupational tasks and activities of daily living with little effort and minimal fatigue as
compared to one with lower CRF levels (American College of Sports Medicine 2013).
Throughout a large range of exercise intensities and on group levels, monitoring of heart
rate can be used to estimate VO2-.max, Since a linear relationship exists between heart rate
and VO levels (Achten & Jeukendrup 2003).

Several studies have concluded that increased work related physiological demands
can have a negative impact on worker’s ability to perform muscular task, lower their
attentiveness and ultimately lead to an increased risk of injuries (Garet et al., 2005;
Bouchard & Trudeau 2008; Rwamamara et al., 2010; Hsie et al. 2010). Heart rate

monitoring is regarded as a very promising physiological parameter in assessing workers’
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physiological demands in a field setting (Kirk et al., 2001; Bussmann et al., 2004; Garet et
al., 2005).

The contraction of human skeletal muscles to produce bodily movements, that
ultimately lead to energy expenditure, ranging from low to high, are elements that define
physical activity (Caspersen, Powell & Christenson 1985). Physical activity is regarded as
an effective preventive tool for various health conditions irrespective of age, gender,
ethnicity or socioeconomic status (Tremblay et al., 2011). The current literature reports a
strong inverse association between physical activity and prevalence of various morbidities.
Health conditions such as obesity, type 2 diabetes mellitus, hypertension and metabolic
syndrome are more prevalent among those with insufficient levels of physical activity
compared to those with higher levels (Paffenbarger et al., 1983; Helmrich et al. 1991; Jebb
etal. 1999; Lahti-Koski et al., 2002; Kriska et al. 2003; Rennie et al., 2003; Hu et al., 2004;
Dunstan et al., 2005). In addition, a considerable increase in cardiovascular mortality has
been observed with lower levels of physical activity (Smith et al., 2000). When the greater
part of the population has a level of physical activity less than the recommended levels,
there is a burden on the Canadian health care system due to associated health costs. In 2009,
insufficient physical activity accounted for $ 6.70 billion as direct health care costs;
hospital, drug and physician care expenditures, and indirect expenditures; economic output
lost due to illness, injury-related work disability or premature death (Janssen 2012). In an
attempt to promote regular physical activity, small, easy to use and relatively inexpensive
‘Accelerometers’ have been introduced that are usually mounted on the waist or worn on

the wrist to provide continuous recording of data for several days/weeks. Accelerometers
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are used to register accelerations and decelerations produced by body movements.
Accelerometers use piezoelectric transducers and microprocessors to record the magnitude
of acceleration in three (vertical, medio-lateral and anterior-posterior) dimensions, and then
quantify acceleration (which is proportional to external forces), into a digital dimensionless
“counts” (Bouten et al., 1994; Vanheesa et al., 2005). With its ability to monitor movement
in vertical, medio-lateral and anterior-posterior dimensions, accelerometers are used to
count the total number of steps taken in one day — upon waking up till going to sleep
(Vanheesa et al., 2005). The total number of steps taken in one day, are then used to
categorise individuals into sedentary (< 5000 steps), low active (5000 — 7499 steps),
somewhat active (7500 — 9999 steps), active (10,000 — 12,500) and highly active (> 12,500
steps) physical activity levels (Hills, Mokhtar & Byrne 2014).

As stated previously, accelerometers record the magnitude of body accelerations
and decelerations into “counts”. These accelerometry counts have demonstrated linear
relationships with energy expenditures (Bouten et al., 1994). Therefore, energy
expenditures during physical activity can be estimated using linear regression equations

when variables; height, body weight, age and gender, are calculated (Bouten et al., 1994).

Review of Wearable Physiological Monitoring devices:

Since the past several years, numerous Wearable Physiological Monitoring (WPM)
devices have been introduced to the market (Yang & Hsu 2010; Collier 2015). To provide
an outlook on their developments, the most commonly used chest, waist and wrist-based

WPM devices in research literature have been displayed (Table — 1.1).
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Zephyr BioHarness™ (Zephyr Technology Corporation, Annapolis, MD, US), is a
U.S. FDA-approved wireless WPM device capable of recording and transmission of
physiological measures such as; heart rate, heart rate variability, electrocardiogram signals,
respiratory rate, estimated core temperature, posture and activity levels (Zephyr
Technology Manual 2012). The device measures heart rate and electrocardiogram signals
through recording of cardiac electrical impulses by conductive fabric skin electrodes and
reports beats per minute (b-min-1) and electrocardiogram amplitude in milli-volt (mV) over
time, respectively. Respiratory rate is measured through a size differential determined by a
strap sensor under the wearer’s right arm during expansion and contraction of thoracic
cavity producing an output as breaths per minute (br-min-t) (Zephyr Technology Manual
2012). This differential along with cardiac impulses are sent to and processed by the
BioModule. The module also consists of an internal thermistor to estimate temperature as
well as an inner 3-axis accelerometer which uses piezoelectric technology to determine the
subject’s activity levels in terms of acceleration. The acceleration data is established in
gravitational force g (i.e. m/s?) as a Vector Magnitude Unit (VMU) which is the square root
of sum of the squares of vertical, sagittal and lateral axes. Posture also uses piezoelectric
technology. It functions as an inclinometer and captures data in angular degrees (°), ranging
from -180 to +180, detecting how far the BioHarness deviates from the vertical plane (y-
axis) “off the vertical”. The BioHarness consists of an adjustable chest belt featuring
conductive fabric sensors and an electronic BioModule that snaps on to the belt (Zephyr
Technology 2012). The device is fitted comfortably on the chest at the lower sternum for

both men and women and weighs 85grams. It can capture data for 26 hours upon a
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successful three-hour charge and can log up to 20 days of data. The Zephyr BioHarness
device has been developed to improve convenience, safety, quality of health and
performance. It offers a field-based monitoring of physiologic measures and can
simultaneously record heart rate, heart rate variability, electrocardiogram signals,
respiratory rate, estimated core temperature, posture and activity levels unobtrusively
(Johnstone et al., 2012). The device provides a unique advantage of processing
physiological data in physically demanding environments (-30 — +60 °C), and when real-
time long range (300 meters) high level wireless monitoring for extended periods of time
are required (Zephyr Technology Manual 2012).

Fitbit Charge Heart Rate (Fitbit Inc., San Francisco, CA, US) is a wrist-based WPM
device, made of a flexible, elastomer wristband with an operating temperature that ranges
from -20 — +45 °C. It is the first wrist-based WPM device with an optical heart rate monitor
and PurePulse™ LED lights that reflect on the wearer’s skin to detect blood volume
changes, and then use a set of sophisticated algorithms to provide continuous automatic
resting and exercise heart rate measures (Fitbit Charge HR 2015). In addition, it provides
“on-device” feedback display, while monitoring and recording heart rate measures at 1-
second intervals while exercising, and 5-second intervals during all other times. Fitbit
Charge Heart Rate device also includes 3-axis accelerometry sensors capable of capturing
the total number of steps taken, energy expenditures, distance travelled, floors climbed and
sleep time (Fitbit Charge HR 2015). The device also synchronises with personal computers,
is sweat, rain and splash proof and can store data up to 30 days that would last for 5-days

upon a two-hour charge.
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Psychometric Properties:

It is important to establish the psychometric properties of a device prior to its
utilisation (Streiner & Norman 1995). The reliability of a device quantifies its random
measurement error and are explained in relative and absolute terms (McDowell & Newell
1996). Relative reliability is concerned with the ability of a device to differentiate among
the individual’s being assessed (MacDermid et al., 2009). It is a variance ratio and is
influenced by the amount of variability within a sample. Absolute reliability of a device is
the degree to which similar results are achieved following repeated measures using the
same device within a stable condition (MacDermid et al., 2009). Validity of a device
implies the extent to which a device measures what it is intended to measure (Brazier &
Deverill 1999). Concurrent validity is achieved when simultaneous recordings are made by
a device (to be validated) and its criterion (Portney & Watkins 1993). However, to assess
and detect change over time, the responsiveness of the device must also be established
(Wright & Young 1998). In addition, the advantages of establishing levels of agreement
among devices, enables researchers and clinicians to assess the degree to which a new
device differs from a criterion (gold standard) measure, and whether the devices can be
used interchangeably or the new device can replace the gold standard measure (Bland &

Altman 1986).

Importance of A Systematic Review:
Studies concerning the psychometric properties of devices, assess a wide range of

measures and may not address all the reliability, validity and responsiveness aspects of
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psychometric properties (MacDermid et al., 2009). It is useful to summarise and appraise
the quality of the existing psychometric literature on a given device within standardised
domains, so that this knowledge can provide some clinical recommendations regarding its
use. A systematic review involves extraction of specific information (corresponding to the
psychometric properties) of a given device, and critical appraisal of the study design to
evaluate the value of the knowledge presented in an article using a structured clinical

measurement specific appraisal tool. (MacDermid et al., 2009).

Composition of Dissertation Papers:

The dissertation is compromised of three papers (Chapters 2 — 4). The papers
include a systematic review paper and two research studies that were completed as part of
candidate’s MSc program requirements in School of Rehabilitation Sciences at McMaster
University.

A systematic review paper (Chapter — 2) provides a summary and quality appraisal
of the psychometric parameters reported on Zephyr Bioharness, Fitbit Charge and Fitbit-
ONE devices. The Fitbit-ONE device was included in this paper, because it would be
concurrently compared with Fitbit Charge Heart Rate device in Chapter — 4, therefore,
articles on psychometrics of Fithbit-ONE were also appraised for quality. Based upon this
systematic review, we synthesized, appraised the quality and identified the gaps in the
current literature concerning the psychometric parameters of Zephyr Bioharness and Fitbit
devices, and addressed the existing gaps in Chapters 3 — 4. The second research paper

(Chapter — 3), establishes the reliability parameters of Zephyr Bioharness and Fitbit Charge

10
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Heart Rate devices at rest, during a sub-maximal activity and throughout recovery, among
a sample of healthy males and females. In this paper the heart rate, number of steps taken
and energy expenditure variables were assessed. The third research paper (Chapter — 4)
establishes the validity and inter-instrument agreement parameters between Zephyr
Bioharness and Fitbit Charge Heart Rate devices. In this paper, the Fitbit Charge device is
concurrently compared with Zephyr Bioharness for the heart rate variable, and Fitbit-ONE
for number of steps taken and energy expenditure variables.

In summary, research in this dissertation attempts to address the psychometric
literature gaps, by assessing the reliability, validity and agreement parameters of Zephyr

Bioharness and Fitbit Charge Heart Rate devices.

11
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Table — 1.1 Wearable Physiological Monitoring device specification comparison.
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Release Date
Device
Placement
Weight (g)
Operating
Temperature
Accelerometer
Type
Accelerometer
axis

Sampling
Frequency

Battery Type

Battery Life
Data
Transmission
Transmission
Range (m)
Storage
Capacity
Reported
Variables

Zephyr
Bio-Harness

July 2011
Chest

85
-30 - +60 °C

Piezoelectric

2.40 GHz

4.2 V Lithium

26 hours

USB, Bluetooth
and ECHO

300 meters

480 hours

-Heart rate,
-ECG,
-Respiratory
rate
-Estimated core
temperature
-Activity levels
-Posture
-Peak

acceleration

McMaster University Rehabilitation Science

Polar Wahoo Viiiiva Garmin Fitbit
H7 TICKR X 4iiii HRM Charge-
HR
June 2012 Jan. 2015 June 2013 Sep. 2015 Jan. 2015
Chest Chest Chest Chest Wrist
158 55 - 59 -
-10 - +50 °C - 0-+50°C - -20 — +45
°C
n/a Piezoelectr n/a Piezoelectric  Piezoelectr
ic ic
n/a 3 n/a 3 3
2.40 GHz 2.40 GHz 2.40 GHz 2.40 GHz -
3V Lithium 3V 3V Lithium 3V Lithium Lithium-
Lithium polymer
350 hours 12 months 200 hours 10 months 5 days
Bluetooth Bluetooth Bluetooth ANT+ usB
Bluetooth
10 meters 10 meters 10 meters 3 meters 6 meters
n/a 16 hours 65 hours 20 hours 30 days
-Heart rate -Heart rate  -Heart rate -Heart rate -Heart rate,
- -Energy -Cadence -Steps
Electrocardiogra  expenditur taken,
m-sensor e -Energy
-Stride rate expenditur
€,
-Distance,
-Floors
climbed,
-Hourly
activity,
-Sleep,
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Release
Date
Device
Placement
Weight (g)
Operating
Temperatu
re
Accelerome
ter Type
Accelerome
ters axis
Battery
Type
Battery
Life

Data
Transmissi
on
Transmissi
on

Range (m)
Storage
Capacity
Reported
Variables

Fitbit
Flex
May
2013

Wrist

-20 - +45 °C

Piezo-
electric

3

Lithium-
polymer

5 days

USB &
Bluetooth

6 meters

30 days

-Steps taken,
-Energy
expended
-Floors
climbed &
Distance
-Hourly
activity,
-Sleep,

Fitbit
ONE
Sep.
2012

Waist

-20 - +45
°C

Piezo-

electric

3

Lithium-
polymer

10-14 days

USB &
Bluetooth

6 meters

23 days

Steps taken,
-Energy
expended
-Floors
climbed &
Distance

-Sleep,

McMaster University

CT1 RT3
Sep. Sep.
2005 2005
Waist Waist
715 715
Piezo- Piezo-
electric electric
1 3
1.5V 1.5V
AAA AAA
30 days 30 days
UsSB usB
21 days 21 days
-Energy -Activity
expended intensity,
-METs,

GT3X GT1M
May June
2013 2011

Waist Wrist

27 27
n/a n/a
3 1
3.7V 3.7V

Lithium  Lithium

20days 20 days
USB USB

40 days 40 days
-Step -Step

counts, counts,

-METs, -Energy

expended

Jawbone
UP3
Nov.
2014

Wrist

29

Lithium-
polymer

7 days

USB &
Bluetooth

6 meters

-Resting
heart rate

and

respiratory

rates.

-Step count,

-Energy

expenditure,

-Sleep,

Rehabilitation Science

Amiigo
Band
Aug.
2013

Wrist

Lithium-
polymer

2 days

USB &
Bluetooth

6 meters

30 days

-Resting
heart rate
and
respiratory
rates.
-Skin
Temp.
-Energy
expended,

-Sleep,
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Abstract

Background: Easy and non-invasive methods to capture and export data on physiological
status has become increasingly accessible due to innovations in wearable technologies.
Wearable Physiological Monitoring devices have many applications for health and
rehabilitation, but these benefits are dependent on reliability, validity and responsiveness
of the data collected. Further, it is important to know that data from different devices can
compared, if good levels of agreements are established.

Purpose: To synthesize and appraise the quality of published studies on psychometric
parameters of Zephyr Bioharness and Fitbit devices.

Methods: We searched the Google Scholar and PubMed databases to identify articles.
Articles were appraised for quality using a structured clinical measurement specific
appraisal tool. Two raters evaluated the quality, and the primary author conducted the data
extraction. We extracted data from the studies on the reliability (intra-class correlation
coefficients and standard error of measurement) and validity —measures
(Pearson/Spearman’s correlation coefficients) along with mean differences. To report
responsiveness, Minimal Clinically Important Difference (MCID) and the cut-offs used to
define importance was reported. Agreement parameters were summarised by the average
biases and 95% limits of agreement.

Results: For Zephyr Bioharness, a total of ten studies were included; quality ranged from
42% to 79%. The intra-class correlation coefficients for Zephyr Bioharness heart rate and
respiratory rates ranged from 0.97 — 0.98 and 0.30 — 0.90 respectively. The construct

validity coefficients when compared against other standard measurement devices ranged
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from 0.87 — 0.99 (heart rate) and 0.16 — 0.98 (respiratory rates). Agreement error of <2.40
and narrow 95% limits of agreement were reported for heart rate parameter when compared
with gold standard measures. For Fitbit-ONE, a total of four studies were included; quality
ranged from 32% to 82%. The intra-class correlation coefficients for Fitbit-ONE steps
taken and energy expenditure ranged from 0.90 — 1.00 and 0.55 — 0.98 respectively.
Construct validity coefficients ranged from 0.97 — 0.99 (steps taken) and 0.76 — 0.87
(energy expenditures) when comparing devices. An agreement bias of 155.90 between
Fitbit-ONE energy expenditure and a gold standard metabolic system was reported.

Conclusion: Fair to very good quality evidence from ten studies suggests that the Zephyr
Bioharness can provide a reliable and valid measurement of monitoring heart rate and other
physiological measures across multiple contexts. Fair to very good evidence from four
studies suggests that the Fitbit-ONE device demonstrated reliable and valid measures of
steps taken and energy expenditures and displayed better agreements with gold standard

measures than with the bronze.
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Introduction

Study Rationale:

Wearable Physiological Monitoring (WPM) devices provide an easy and non-invasive
method of capturing and transmission of wide range of physiological measures on the
wearer (Johnstone et al., 2012). Hence, leading to further improvements in work place,
athletic performance and overall quality of health (Gatti et al., 2014; Flanagan et al., 2014).
Zephyr Bioharness ™ (Zephyr Technology Corporation, Annapolis, MD, US) and Fitbit
(Fitbit Inc., San Francisco, CA, US) are among the most common WPM devices. The
Zephyr Bioharness is capable of monitoring of physiological measures; heart rate,
respiratory rate, activity levels, posture and estimated core temperature, whereas Fitbit
captures variables such as; heart rate, number of steps taken, total energy expenditures,
distance travelled and sleep time/efficiency (Zephyr Technology 2012; Fitbit Charge HR
2015).

It is important for a device to be reliable, valid and (if used to assess change over time)
responsive, prior to its utilization (Streiner & Norman 1995). These clinical measurement
properties are often referred to as the psychometric properties of a device. A device is said
to be reliable if multiple measures under identical conditions yield similar results, whereas
validity property of a device is when it measures what it was supposed to measure (Last
1983; Fletcher, Fletcher & Wagner 1988; Streiner & Norman 1995). Responsiveness of a
device is referred to as the ability of a device to accurately detect change when it has
occurred (De Bruin et al. 1997; Wright & Young 1998). In addition, it is necessary to

establish the levels of agreement between devices to determine the extent to which the new
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device varies from the “gold standard” measure, and whether the new device can replace
the standard measure (Bland & Altman 1986). The data on psychometric parameters of
WPM devices are accumulating. Therefore, a need exists to understand what is known

about the psychometric parameters of WPM devices.

Study Purpose:

The aims of this systematic review were to synthesize published studies to describe the
following with respect to the Zephyr Bioharness, Fitbit Charge Heart Rate and Fitbit-ONE
devices 1) the volume, focus and quality of published studies, 2) the psychometric

properties reported and 3) the gaps in the literature regarding their measurement properties.

Methods

Search

To identify articles on psychometric parameters of Zephyr Bioharness and Fitbit devices,
we searched the Google Scholar and PubMed databases using the following keywords:
Zephyr Bioharness reliability, validity, response, responsiveness and agreement, Fitbit
Charge Heart Rate / Fitbit-ONE reliability, validity, responsiveness and agreement. Further
articles were also identified by examining the reference list of each selected study. We were
specifically interested in Zephyr Bioharness, Fitbit Charge Heart Rate and Fitbit-ONE
devices, which have been introduced into the market between years 2010 — 2015. We chose
Google scholar to gather articles that have been electronically published in the past six

years because Google uses algorithms that can retrieve articles published in journals
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regardless of the database they are indexed in (Al-Ubaydli 2005; Blakeman 2013), whereas
a specific database is limited to the articles from the journals indexed in that specific

database. We also searched PubMed as a standard source for health-related review.

Selection of Studies

At the first stage, two authors independently identified and screened Title/abstract. Studies
that had used the devices to monitor physiological measures only, without reporting of
psychometric parameters were considered irrelevant. An article was accepted if it met

following specific eligibility criteria:

Inclusion Criteria:
1. Purpose of the study states assessing reliability or validity or responsiveness or
agreement parameters, of Zephyr Bioharness or Fitbit Charge Heart Rate or Fitbit-
ONE devices in healthy or clinical population.
2. Atrticles published in English,
Exclusion Criteria:
1. No data on the psychometric properties of Zephyr Bioharness or Fitbit Charge Heart
Rate or Fitbit-ONE devices.
2. Studies that had used Zephyr Bioharness or Fitbit Charge Heart Rate or Fitbit-ONE

devices to monitor physiological measures only.
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Data Extraction

The primary author conducted the data extraction. For reliability measures, Standard Error
of Measurement (SEM), intra-class correlation coefficient (ICC), mean differences and
confidence intervals were extracted (MacDermid et al., 2009). These were interpreted using
a common benchmark where ICC < 0.40 indicate poor, 0.40 < ICC <0.75 indicate fair to
good and ICC > 0.75 indicate excellent reliability (Rosner 2005). For construct validity
where these devices were compared against a reference standard, Pearson’s/Spearman’s
correlation coefficients and mean difference data were extracted (MacDermid et al., 2009).
The absolute value for the strength of the correlation were determined using the guide
suggested by Evans (1996) as follows; 0.00-0.19 “very weak”, 0.20-0.39 “weak”, 0.40-0.59
“moderate”, 0.60-0.79 “strong”, 0.80-1.00 “very strong” (Evans 1996). To establish
responsiveness, Minimal Important Difference (MID), or Minimal Clinically Important
Difference (MCID), or Clinically Important Difference (CID) and the cut-off used to define
importance was extracted (MacDermid et al., 2009). To assess levels of agreement, average
agreement bias along with 95% Limits of Agreement (LoA) uniquely evaluate whether
there is a discrepancy (bias) between two different devices measuring the same construct

(Bunce 2009).

Quality Appraisal:

The articles were appraised by the first and second authors for quality using a structured
clinical measurement specific appraisal tool (MacDermid et al., 2009). (Appendix D). The

evaluation criteria included: 1) Thorough literature review to define the research question;
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2) Specific inclusion/exclusion criteria; 3) Specific hypotheses; 4) Appropriate scope of
psychometric properties; 5) Sample size; 6) Follow-up; 7) The authors referenced specific
procedures for administration, scoring, and interpretation of procedures; 8) Measurement
techniques were standardized; 9) Data were presented for each hypothesis; 10) Appropriate
statistics-point estimates; 11) Appropriate statistical error estimates; and 12) Valid
conclusions and clinical recommendations (MacDermid et al., 2009). An article’s total

quality score was calculated by summing of scores for each item, divided by the numbers of items

and multiplied by 100% (MacDermid et al., 2008).

Results

A total of 592 studies were identified from the search in the databases [Google Scholar (n
=426) and PubMed (n = 166)], of which 56 studies were considered relevant. All 56 studies
were retrieved and assessed for eligibility, and a total of 14, [Zephyr Bioahrness (n = 10),
Fitbit-ONE (n = 4)] studies were included in this review (Figure 2.1). Table - 2.1 & 2.2
display the summary of the studies addressing the psychometrics of Zephyr Bioharness and
Fitbit-ONE devices respectively. Quality of individual articles for Zephyr Bioharness was
variable, ranging from 42% to 79% with 50% of articles reaching or exceeding a score of
67% on the quality rating (Table — 2.3). The most common flaws noted in the psychometric
studies were 1) lack of sample size calculation/justification, and 2) not considering an
appropriate scope of psychometric properties. In regards to Fitbit-ONE, the quality of

individual studies ranged from 32% to 82% (Table — 2.4). Lack of reporting of specific
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hypothesis and making general conclusion/clinical recommendations were observed as the

most source of errors.

Reliability Parameters of Zephyr BioHarness:

We located three studies that examined the test-retest reliability measures of Zephyr
Bioharness between years 2012 — 2015 [Table — 2.5] (Johnstone et al., 2012; Johnstone et
al., 2012b; Rawstorn et al., 2015). The physical activities during which the reliability
measures were studied included unstructured mobility; vacuuming and sweeping, and
structure running/walking and cycling. The populations studied included young healthy
recreational active males and females as well as older patients with atrial fibrillation.
Johnstone et al. 2012b reported the test-retest reliability of all five Zephyr Bioharness
variables in ten physically active males, age 20.50 + 2.10 years, weight 70.40 + 9.40 kg and
height 1.77 + 0.10 m, during a treadmill running exercise protocol. The ICC (mean
differences) of 0.98 (2.70 beats/minute), 0.75 (-0.52 breaths/minute), 0.99 (0.00 ct-sec-),
0.61 (0.50 — degrees Celsius) and 0.99 (0.30 ) for heart rate, respiratory rate, activity levels,
temperature and posture variables were reported respectively.

Johnstone et al. (2012) reported the test-retest reliability of Zephyr Bioharness variables;
heart rate, respiratory rate and activity levels, in ten physically active males, age 21.50 £+
2.80 years, weight 71.40 £ 7.90 kg and height 1.79 + 0.10 m, during a Walk-Jog-Run
exercise protocol. ICC (mean differences) of 0.97 (4.30 beats/minute), 0.90 (-0.51
breaths/minute) and 0.92 (-0.02 ct-sec-!) for heart rate, respiratory rate and activity level

variables were reported.
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Rawstorn et al. (2015), reported the reliability measures in two phases. The first phase
tested 10 people who were recreationally active including 6-males and four females, age
26.68 + 3.26 years, weight 71.10 £11.53 kg and height 1.73 + 0.06 m, with ICCs of 0.98
and 0.94 for heart rate and respiratory rates during a treadmill running test respectively. In
the second phase of testing, five males and three females with atrial fibrillation, age 69.68
+9.53 years, weight 77.46 +18.81 kg and height 1.69 + 0.12 m were assessed during
treadmill and cycle ergometer tests, and stimulated activities of daily living (sweeping and
vacuuming). ICCs of 0.98 and 0.55 were reported for heart rate and respiratory rate
variables respectively.

Overall, Zephyr Bioharness demonstrated high reliability scores, however inclusion of
young males, small sample sizes and reporting of reliability measures only during activity,
reflect upon the limited number of parameters evaluated in these studies (Johnstone et al.,

2012; Johnstone et al., 2012b; Rawstorn et al., 2015).

Validity Parameters of Zephyr BioHarness:

We identified nine studies that assessed the validity of Zephyr Bioharness against criterion
measures; gold or bronze standards, between years 2012 — 2015 [Table — 2.6] (Hailstone &
Kilding 2011); Johnstone et al., 2012a; Johnstone et al., 2012; Kim et al., 2013; Gatti et al.,
2014; Flanagan et al. 2014; Dolezal et al., 2014; Smith et al., 2014; Rawstorn et al., 2015).
The phases during which validity measures were established included; rest/static (sitting),
physical activities (unstructured mobility; vacuuming, sweeping, arm lifting, trunk rotation,

crawl/search, and structure running/walking and cycling) and recovery. The populations
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studied included healthy recreational active males and females as well as older patients
with atrial fibrillation.

Flanagan et al. (2014) established the concurrent validity of Zephyr Bioharness variable;
heart rate, in seventy-five healthy men, age 23.00 + 4.00 years, height 1.81 + 0.08 m and
weight 83.00 £ 12.00 kg, against its gold standard; 5-Lead electrocardiogram (ECG), at
rest, during a standardised 12-stage cycle ergometer exercise protocol and throughout
recovery. Pearson correlation coefficients of > 0.99 and mean differences of < 2.00
beats/minute for all three phases between the Zephyr Bioharness and the 5-Lead ECG (gold
standard criterion measure) were reported.

Kim et al. (2013) determined the validity of Zephyr Bioharness variables; heart rate and
respiratory rate, in twelve healthy men, age 25.50 + 4.10 years, height 180.10 £ 0.07 m and
weight 78.80 + 13.90 kg, against their gold standards; 12-Lead ECG and Gas Exchange
(Indirect calorimeter), respectively. Participants performed a graded treadmill exercise
protocol at different intensities determined by the percentage of each participant’s
maximum aerobic capacity. Spearman’s rank correlation coefficients of 0.92 and 0.97 for
the heart rate and respiratory rate variables were reported respectively. Furthermore, mean
difference ranging from -3.30 — 3.20 beats/minute and -1.30 — 0.60 breaths/minute were
recorded for heart rate and respiratory rate variables respectively.

Dolezal et al. (2014) reported the criterion validity of Zephyr Bioharness variables; heart
rate, in ten healthy men, age 21.00 + 1.00 years, height 1.84 + 0.05 m and weight 91.00 +
10.00 kg, against its gold standard: 12-Lead ECG. In this study participants performed four

activities; treadmill walking, crawl & search, stair climbing and fast paced outdoor-
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walking. Pearson correlation coefficients of 0.99 for all four activities and mean difference
ranging from -0.13 — 0.04 beats/minute were found between the Zephyr and criterion
measure.

Smith et al. (2014) established the validity of Zephyr Bioharness variable; heart rate and
respiratory rate, in eleven healthy men age 20.00 = 1.00 years, height 1.80 = 0.07 m and
weight 82.00 £ 10.20 kg, against gold standards; 3-Lead ECG and Gas Exchange (Indirect
calorimeter) respectively. Three activities: treadmill walk, crawl and search, and
ascending/descending stairs were performed. Pearson correlation coefficients ranging from
0.99 — 0.95 and 0.16 — 0.59, and mean differences -1.70 — 0.40 and -2.40 — 0.70 were
reported for heart rate and respiratory rate respectively. Lower respiratory rate correlation
coefficient of 0.16 — for search activity, could be due to improper fitting of Zephyr chest
strap and possible displacement during extensive upper extremity movement. Since
‘search’ activity involved crawling down a 26-meter hallway into a room and performing
a right-handed secondary search for 4 minutes at a self-determine pace.

Gatti et al. (2014) determined the validity of Zephyr Bioharness variables; heart rate and
respiratory rate, in seven healthy males and three females, age 23.80 £ 2.90 years, height
1.79 + 0.08 m and weight 75.50 + 10.70 kg, against their gold standards: 5-Lead ECG and
Gas Exchange (Indirect calorimeter), during five activities respectively. These activities
include; Static (seated), Thoracic rotation, Arm lifting, Batting, Weight moving and
Walking. Pearson correlation coefficients (mean differences) of 0.99 (-0.78), 0.98 (-0.77),

0.94 (0.22), 0.76 (-2.51), 0.78 (-4.81) and 0.74 (-1.68) for heart rates and 0.98 (-0.19), 0.84
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(0.08), 0.91 (-1.16), 0.83 (-0.75), 0.54 (-2.42) and 0.91 (-2.57) for respiratory rates were
reported.

Rawstorn et al. (2015) reported the validity of Zephyr Bioharness variables; heart rate and
respiratory rate, in six recreationally active males and four females, age 26.68 + 3.26 years,
weight 71.10 +11.53 kg and height 1.73 + 0.06 m, against their gold standards; 12-Lead
ECG and Gas Exchange (Indirect calorimeter), respectively. Participants performed a
treadmill running protocol at different intensities determined by the percentage of each
participant’s maximum aerobic capacity. Spearman’s rank correlation coefficients of 0.92
and 0.87, and median biases of -1.30 and -0.88 for heart rate and respiratory rate were
reported respectively. In the second phase of testing, five males and three females with
atrial fibrillation, age 69.68 £9.53 years, weight 77.46 £18.81 kg and height 1.69 + 0.12 m
were assessed during treadmill and cycle ergometer tests, and stimulated activities of daily
living (sweeping and vacuuming). Spearman’s rank correlation coefficients of 0.97 and
0.43, and median differences of -1.45 and 2.16 for heart rate and respiratory rates were
reported respectively. In this study, Zephyr respiratory rate correlation coefficients of 0.43
might have been confounded due to reasons such as; inclusion of upper extremity activities
(improper fitting) and possibly inclusion of older individuals since impairment in
mechanism of pulmonary function are common in this population regardless of any
pathological conditions.

Johnstone et al. (2012) established the concurrent validity of Zephyr Bioharness variables;
heart rate and respiratory rate, in ten physically active males, age 21.50 + 2.80 years, weight

71.40 + 7.90 kg and height 1.79 + 0.10 m, against their criterion measures; Polar-T31 chest
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strap and Portable Metalyser, respectively. The Walk-Jog-Run protocol was carried out by
each participant at different velocities. Pearson’s correlation coefficients of 0.98 and 0.82,
and mean differences of 0.00 and -1.20 for heart rate and respiratory rate all velocities were
reported respectively.

Johnstone et al. (2012a) determined the concurrent validity of Zephyr Bioharness
variables; heart rate and respiratory rate, in twelve physically active males, age 21.50 +
2.80 years, weight 71.40 = 7.90 kg and height 1.79 + 0.10 m, against their criterion
measures; Polar-T31 chest strap and Gas Exchange (Indirect calorimeter), respectively. A
treadmill running protocol was performed at different velocities by each of the study
participants. Pearson’s correlation coefficient of 0.89 and 0.91, and mean differences of -
3.80 and -2.00 for heart rate and respiratory rate all velocities were reported respectively.
In summary, the device heart rate variable demonstrated very strong correlations at rest
(Kimetal., 2013; Gatti et al., 2014; Flanagan et al., 2014), strong to very strong correlations
during various activities; treadmill running, cycle ergometer, vacuuming, sweeping,
thoracic rotation, arm lifting, batting, weight moving, walking, crawling, stair climbing,
brisk walking (Kim et al., 2013; Gatti et al., 2014; Flanagan et al., 2014; Dolezal et al.,
2014; Smith et al., 2014; Rawstorn et al., 2015) and again very strong correlations
throughout recovery (Flanagan et al., 2014) when compared with adopted criterion
measure; ECG. Similarly, Zephyr device respiratory rate variable displayed very strong
correlations at rest (Kim et al., 2013; Gatti et al., 2014) and during wide range of activities

when examined against adopted criterion measures; Gas Exchange (Indirect calorimeter),
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(Johnstone et al., 2012; Johnstone et al., 2012a; Kim et al., 2013; Gatti et al. 2014; Rawstorn

etal., 2015).

Responsiveness Parameters of Zephyr BioHarness:

No studies were identified.

Agreement Parameters of Zephyr BioHarness:

We identified eight studies that examined the pair-wise comparison of Zephyr Bioharness
with adopted criterion measures; gold or bronze standards, between years 2012 — 2015
[Table — 2.7] (Johnstone et al., 2012; Johnstone et al., 2012a; Kim et al., 2013; Gatti et al.,
2014; Dolezal et al., 2014; Smith et al., 2014; Flanagan et al., 2014; Rawstorn et al., 2015).
Four studies reported heart rate and respiratory rate agreement biases of <2.40 and narrow
95% limits of agreement in pairwise device comparison of Zephyr at rest and recovery
phases and during various activities including: thoracic rotation, arm lifting, treadmill
walking, cycle ergometer, crawling, stair climbing (Gatti et al., 2014; Flanagan et al., 2014;
Dolezal et al., 2014; Smith et al. 2014).

Two studies with similar pair-wise device comparisons for heart rate and respiratory rates,
reported agreement biases of < 1.25 with wider 95% limits of agreement during treadmill
running/walking, cycle ergometer, batting, weight moving, sweeping and vacuuming
activities (Rawstorn et al., 2015; Kim et al., 2013)

The inter-device agreement was examined between Zephyr and Polar T31 (bronze

standard) heart rate measures. Agreement biases of < 3.05 with much wider 95% limits of
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agreement were reported during a treadmill walk/run testing protocol (Johnstone et al.,
2012; Johnstone et al., 2012a).
Overall, Zephyr Bioharness displayed better agreements with gold standard measures than

with the bronze, therefore, suggestive of possible interchangeable use.

Reliability Parameters of Fithit-ONE:

We found three studies that assessed the test-retest reliability measures of Fitbit-ONE
[Table — 2.8] (Takacs et al., 2014; Diaz et al., 2015; Ferguson et al., 2015).

Diaz et al. (2015) reported the test-retest reliability of Fitbit-ONE variables; steps taken
and energy expenditure, in twenty-three participants (13 females), ranging from 20 — 54
years and body mass index range 19.60-29.90 kg/m?. Participants performed a treadmill-
walk/jog exercise protocol at various speeds. Overall, test-retest reliability measures — ICCs
of 0.99 and 0.96 for the step count and energy expenditure variables were established
respectively.

Takacs et al. (2013) determined the test-retest reliability Fitbit-One — steps taken variable,
in thirty participants (15 females), age 29.60 + 5.70 years and body mass index 22.70 +
3.00 kg/m?. All participants performed a treadmill exercise protocol at various speeds 0.90
m/s — 1.78 m/s and ICC of > 0.95 and mean difference of < 3.00 (steps) were reported.
Fergusson et al. (2015) reported the test retest reliability of Fitbit-ONE variables; step taken
and energy expenditure, among twenty-one healthy participants (11 females), age 32.80

+10.20 years and body mass index 25.50 + 5.20 kg/m?, during a 48-hour period involving
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activities of daily living. ICCs (mean differences) of 0.95 (779.00) and 0.55 (349.00) were
reported for steps taken and energy expenditure variables respectively.

To summarise, Fitbit-One device displayed excellent test-retest reliability measures for
steps taken and good to excellent measures for energy expenditures variables during

different exercise protocols (Takacs et al., 2014; Diaz et al., 2015; Ferguson et al., 2015).

Validity Parameters of Fithit-ONE:

We identified four studies that examined the validity of Fitbit-ONE device [Table — 2.9]
(Lee et al., 2014; Takacs et al., 2014; Diaz et al., 2015; Ferguson et al., 2015).

Lee et al. (2014) established the criterion validity of Fitbit-One — energy expenditure
variable, in sixty healthy participants (30 females), age 26.00 + 5.70 years, against its
criterion measure; Portable metabolic system. Study participants performed a 69-minute
exercise protocol that included; sedentary, walking, running and moderate to vigorous
activities. An overall Pearson correlation coefficient of 0.81 and mean differences of 26.00
(calories), were reported between Fitbit-One and its adopted criterion measure.

Diaz et al. (2015) reported the validity of Fitbit-One variables; steps taken and energy
expenditure, in twenty-three participants (13 females), ranging from 20 — 54 years and body
mass index range 19.60-29.90 kg/m?, against their criterion measures; Direct observational
count (of number of steps) and Gas Exchange (Indirect calorimeter) respectively. During a
treadmill-walk/jog exercise protocol, Pearson correlation coefficients of 0.97 - 0.99 and

0.86 - 0.87 for the step count and energy expenditure variables were reported respectively.
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Fergusson et al. (2015) reported the convergent validity of Fitbit-One variables; step taken
and energy expenditure, during a 48-hour period involving activities of daily living in
twenty-one healthy participants (11 females), age 32.80 +£10.20 years and body mass index
25.50 + 5.20 kg/m?, against their bronze standard criterion measures; Acti-Graph GT3X
and Body Media Sense-Wear Model, respectively. Pearson correlation coefficients of 0.99
and 0.76 for the steps taken and energy expenditure variables were recoded respectively.
Takacs et al. (2013) determined the validity of Fitbit-One — steps taken variable, in thirty
participants (15 females), age 29.60 + 5.70 years and body mass index 22.70 + 3.00 kg/m?,
against its gold standard criterion measure; Direct observational count. All participants
performed a treadmill exercise protocol at various speeds and Pearson correlation
coefficients of > 0.97 and mean difference of 0.40 (steps) were established.

Overall, Fitbit-ONE device — steps taken and energy expenditure variables, demonstrated
very strong correlations with its adopted criterion measures during various activities (Lee

et al., 2014; Takacs et al., 2014; Diaz et al., 2015; Ferguson et al., 2015).

Responsiveness Parameters of Fithit-ONE:

No studies were identified.

Agreement Parameters of Fithit-ONE:

We identified two studies that examined the pair-wise comparison of Fitbit-ONE with
adopted criterion measures; gold and bronze standards, between years 2014 — 2015 [Table

—2.10] (Lee et al., 2014; Ferguson et al., 2015).
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Lee et al. (2014) study reported agreement mean bias of 155.90 cal. in pairwise device
comparison of Fitbit-ONE energy variable with gold standard measure — Metabolic system,
in sixty healthy participants (30 females), age 26.00 £ 5.70 years, during a 69-minute
exercise protocol that included; sedentary, walking, running and moderate to vigorous
activities.

Fergusson et al. (2015) reported the pairwise device comparison of Fitbit-ONE variables;
step taken and energy expenditure, against their bronze standard criterion measures; Acti-
Graph GT3X and Body Media Sense-Wear Model, respectively. Mean agreement biases of
584.0 steps and 475.0 Kcal. and wide 95% limits of agreement were established among
twenty-one healthy participants (11 females), age 32.80 +10.20 years and body mass index
25.50 + 5.20 kg/m? during a 48-hour period involving activities of daily.

Overall, Fitbit-ONE displayed better agreements with gold standard measures than with the

bronze standard measures (Lee et al., 2014; Ferguson et al., 2015).

Psychometric Parameters of Fitbit Charge

No studies were identified.

Discussion

This study synthesized current research in 14 studies addressing the psychometric
parameters of the Zephyr Bioharness and Fitbit-ONE devices and was able to provide some
clinical recommendation regarding its use. This systematic review identified fair to very

good quality evidence for suggesting that the Zephyr Bioharness and Fitbit-ONE can
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provide a reliable and valid measurement of monitoring heart rate and other physiological
measures across multiple contexts. Overall, although this review identified substantial gaps
in the literature, the emerging studies from a limited number of applications are generally
supportive of using Zephyr or Fitbit-ONE devices in clinical research applications and
field-based monitoring of physiological and activity parameters is required. Wearable
technologies that are cost accessible for individuals to use in health promotion or
therapeutic applications has opened up a wide range of applications that are relevant to
physical therapy in both primary and secondary prevention of disability. Devices that can
monitor physiological responses might be important to allow physical therapist to more
precisely prescribed exercise and determine thresholds for progression. These devices also
allow patients more independence in obtaining physiological or activity targets; and may
promote better adherence and treatment fidelity. While much research will be needed to
fully define the patient populations, applications and impact on outcomes that can be
obtained by using these wearable technologies, it is clear that this is an issue of importance
to physical therapy.
Based upon this systematic review, we have identified and classified the gaps in the current
literature. There is a need for future studies that would address measurement properties of
the devices with respect to the following:

1. during different types of activities or clinical tests,

2. in different populations; healthy/patient, older/younger, males/females.

3. in different physiological states including resting, recovery, low level or vigorous

exercise, and activities of daily living.
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In the following sections, we have reported the specific literature gaps concerning the

Zephyr Bioharness, Fitbit-ONE and Fitbit Charge Heart Rate devices.

Zephyr Bioharness Device:
1. The responsiveness of Zephyr Bioharness.
2. Thereliability and responsiveness of Zephyr Bioharness in healthy male and female
participants across various age groups.
3. The reliability, validity, responsiveness and agreement properties of Zephyr
Bioharness in clinical populations.
4. The reliability and responsiveness of Zephyr Bioharness in resting, activity and

recovery states.

Fitbit-ONE Device:
1. The responsiveness of Fitbit-ONE.
2. The reliability, validity, responsiveness and agreement properties of Fitbit-ONE in
clinical populations.
3. The responsiveness and agreement parameters of Fitbit-ONE in resting, activity and

recovery states.

Fitbit Charge Heart Rate Device:
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. The reliability, validity, responsiveness and agreement properties of Fitbit Charge

Heart Rate device.

The reliability, validity, responsiveness and agreement properties of Fitbit Charge
Heart Rate device in normal male and female participants across various age groups.
The reliability, validity, responsiveness and agreement properties of Fitbit Charge
Heart Rate device in patient population.

The reliability, validity, responsiveness and agreement properties of Fitbit Charge

Heart Rate device in resting, activity and recovery states.

In this thesis project, we intend to address several gaps that exist in the current literature.

1.

To establish the reliability measures of Zephyr Bioharness and Fitbit Charge Heart
Rate devices in a large sample of healthy male and female participants during three
states; rest, submaximal activity and recovery.

To determine the validity and agreement parameters between Zephyr Bioharness
and Fitbit Charge Heart Rate devices in a large sample of healthy male and female

participants during three states; rest, submaximal activity and recovery.

We used Google scholar database to identify articles on psychometric properties and

agreement parameters of these devices. We chose Google scholar over other databases

mainly because it uses algorithms that can identify all electronically published articles from

various journals and not just articles from journals that are indexed in a specific database,

which is the case with most databases (Al-Ubaydli 2005; Blakeman 2013).
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Conclusion

Fair to very good quality evidence from ten studies suggests that the Zephyr Bioharness
can provide a reliable and valid measurement of monitoring heart rate and other
physiological measures across multiple contexts. Fair to very good evidence from four
studies suggests that the Fitbit-ONE device demonstrated reliable and valid measures of
steps taken and energy expenditures and displayed better agreements with gold standard

measures than with the bronze standard measures in healthy population.
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Table — 2.1 Summary of Studies Addressing Psychometrics of Zephyr Bioharness Device

McMaster University

Rehabilitation Science

Authors Sample n  Properties Evaluated
Rawstorn et Six recreationally active males and four females, 10
al. (2015) Age 26.68 + 3.26 years, weight 71.10 £11.53 kg and
Phase (1) height 1.73 £ 0.06 m.
Reliability, validity &
agreement.
Rawstorn et Five males and three females with atrial fibrillation, 8
al. (2015) Age 69.68 +9.53 years, weight 77.46 +18.81 kg and
Phase (1) height 1.69 £ 0.12 m.
Johnstone et Ten physically active males, age 21.5 + 2.8 years, 10 Reliability, validity
al. (2012) weight 71.4 + 7.9 kg and height 1.79 + 0.1 m (concurrent) &
agreement.
Johnstone et Ten physically active males, age 20.5 + 2.1 years, 10 Reliability
al. 2012b weight 70.4 + 9.4kg and height 1.77 £0.10 m
Gatti et al. Seven healthy males and three females, Age 23.8+ 10 Validity & agreement
(2014) 2.9 years, height 179 + 8 cm and weight 75.5 + 10.7
kg.
Smith et al. Eleven healthy men age 20 £ 1 years, height 1.80 £+ 11 Validity & agreement
(2014) 0.07 m and weight 82.0 + 10.2 kg
Dolezal et al. Ten healthy men, age 21 + 1 years, height 184 + 5 10 Validity (criterion) &
(2014) cm and weight 91 + 10 kg. agreement
Flanagan et Seventy-five healthy men, age 23 4 years, height 75 Validity (concurrent) &
al. (2014) 181 +8 cm and weight 83+12 kg agreement
Kimet al. Twelve healthy men, age 25.5+4.1, height 180.1+6.5 12 Validity & agreement
(2013) and weight 78.8 +13.9
Johnstone et Twenty-two physically active males, age 21.5+2.8 22  Validity (concurrent) &
al. (2012a) years, weight 71.4 £ 7.9 kg and height 1.79 £ 0.10 m agreement
Hailstone & Six recreationally active males and six females, 20.0 12 Reliability & validity
Kilding + 1.2 years, 75.3 £ 11.5 weight and 176.5 + 10.1
(2011). height.
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Table — 2.2 Summary of Studies Addressing Psychometrics of Fitbit-ONE Device.

McMaster University

Rehabilitation Science

Authors Sample n  Properties Evaluated
Diaz et al. Twenty-three healthy adult participants, (10 males, 23 Reliability & validity
(2015) 13 females), age 20 — 54 years, body mass index

19.60 — 29.90 kg/m?
Takacs et al. Thirty subjects (15 males. 15 females). Age 29.60 30 Reliability & validity
(2013) +5.70 years and body mass index 22.70 + 3.00
kg/m?

Ferguson et Twenty-One participants, 10 males (BMI 27.30 + 21 Reliability,
al. (2015) 3.20), 11 females BMI 25.50 + 5.20, mean age 32.80 validity(convergent) &

+10.20 years agreement
Lee et al. Sixty healthy participants, (Males 30, Age 28.616.40 60 Validity (criterion) &
(2014) years, Height 176.10 + 5.40cm, Weight 75.40 £9.50 agreement

kg, body mass index 24.30+2.60 kg/m?). (Females
30, Age 24.2+4.70 years, Height 166.00 + 7.00cm,
Weight 60.30 +8.60 kg, body mass index
21.80+2.70 kg/m?)
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McMaster University

Rehabilitation Science

Table — 2.3 Quality of Studies on The Psychometric of Zephyr Bioharness Device

Item Evaluation Criteria*

Study Total
1 2 3 4 5 6 7 8 9 10 11 12

(%)
Dolezal et al. 2014 1 1 1 0 0 NA 2 2 2 2 2 2 68 %
Smith et al. 2014 1 1 0 0 0 N/A 2 2 2 2 2 1 59 %
Rawstorn et al. 2015 1 1 0 2 0 0 2 2 2 2 2 2 67 %
Flanagan et al. 2014 1 1 1 0 1 N/A 2 2 1 2 2 1 64 %
Gatti et al. 2014 1 2 0 0 0 NA 2 2 2 2 2 1 64 %
Kim et al. 2013 2 1 0 0 0O NA 2 2 2 2 2 1 64 %
Hailstone & Kilding 2011 0 1 0 1 0 0 2 2 2 1 0 1 42 %
Johnstone et al. 2012 2 1 1 2 0 2 2 2 2 2 2 1 79 %
Johnstone et al. 2012a 2 1 1 0 0 NA 2 2 2 2 2 1 68 %
Johnstone et al. 2012b 2 1 1 0 0 2 2 2 2 2 2 1 71 %

*Item Evaluation Criteria: 1. Thorough literature review to define the research question; 2. Specific

inclusion/exclusion criteria; 3. Specific hypotheses; 4. Appropriate scope of psychometric properties; 5. Sample size; 6.

Follow-up; 7. The authors referenced specific procedures for administration, scoring, and interpretation of procedures;

8. Measurement techniques were standardized; 9. Data were presented for each hypothesis; 10. Appropriate statistics-

point estimates; 11. Appropriate statistical error estimates; 12. Valid conclusions and clinical recommendations.
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McMaster University

Rehabilitation Science

Table — 2.4 Quality of Studies on The Psychometric of Fitbit-ONE Device.

Item Evaluation Criteria*

Study Total
1 2 3 4 5 6 7 8 9 10 11 12

(%)

Diaz et al. 2015 1 1 0 1 0 NA 1 1 0 1 1 0 32%

Takacs et al. 2014 1 2 0 1 2 NA 2 2 1 2 2 1 73%

Ferguson et al. 2015 2 2 2 0 2 NA 2 2 2 2 1 1 82%

Lee etal. 2014 1 1 2 0 0 NA 2 2 2 2 1 1 64%

*Item Evaluation Criteria: 1. Thorough literature review to define the research question; 2. Specific

inclusion/exclusion criteria; 3. Specific hypotheses; 4. Appropriate scope of psychometric properties; 5. Sample size; 6.

Follow-up; 7. The authors referenced specific procedures for administration, scoring, and interpretation of procedures;

8. Measurement techniques were standardized; 9. Data were presented for each hypothesis; 10. Appropriate statistics-

point estimates; 11. Appropriate statistical error estimates; 12. Valid conclusions and clinical recommendations.
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Table — 2.5 Reliability measures of Zephyr Bioharness.

Rehabilitation Science

Authors Zephyr Testing ICC SEM C. L Mean Sample
Variables Protocol Diff. Demographic
Rawstorn et -Heart Rate 098 5.20 - - 6 recreationally active
al. (2015) (beats/min). males and 4 females,
Phase (1) Treadmill Running Age 26.68 + 3.26
-Breathing 094 278 - - years, weight 71.10
Rate (br/min). +11.53 kg and height
1.73+0.06 m.
5 males and 3 females
Rawstorn et -Heart Rate Treadmill, Cycle 098 477 - - with atrial fibrillation,
al. (2015) (beats/min). Ergometer and Age 69.68 +9.53 years,
Phase (I1) Activities of daily ~ 0.55  4.60 - - weight 77.46 +18.81
-Breathing living; sweep and kg and height 1.69 +
Rate (br/min). vacuum 0.12m.
Johnstone et Walk-Jog-Run 0.97 4.60 -4.56 — 3.92 4.30  Ten physically active
al. (2012) -Heart Rate All Velocities 089 590 -240--123 020 males, age 21.5+2.8
(beats/min). 4 -6 km/h 093 410 55--471 510  years, weight 71.4 =
8-10.5 km/h 085 280 632--48 560 7.9kgand height 1.79
11.0 km/h +0.1m
090 7.70 0.39 - 0.64 -0.50
-Breathing All Velocities 065 1010 081-137 -1.10
rate. (br/min). 4 —6 km/h 091 6.60 0.41-0.69 -0.50
8-10.5km/h 030 730 -111--023 070
11.0 km/h
092 14.70 0.02-0.03 -0.02
-Activity All Velocities 0.53 14.50 0.01-0.03 -0.03
Levels. 4 —6 km/h 092 14.70 0.02-0.03 -0.02
(ct-sec-1). 8 -10.5 km/h 0.53 14,50 0.01-0.03 -0.03
11.0 km/h
Johnstone et -Heart Rate. 0.98 4.80 -3.15-222 2.70  Ten physically active
al. 2012b (beats/min) males, age 20.5+ 2.1
years, weight 70.4 +
-Breathing 0.75 1750 0.21-0.82 -0.50  9.4kg and height 1.77
Rate. (br/min) +0.10m
Treadmill Running
-Activity 099 650 -0.001-0.01  0.00
Levels.
(ct-sec-1).
-Temperature 061 370 -061-042  g50
(°C).
Tilt Table
-Posture (°). 099 7.60 -0.31-1.00 0.30
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Rehabilitation Science

Authors Zephyr Validity Testing r/rho Mean Sample
Variables Criterion Protocol Differences Demographic
Measure
Rawstorn -Heart Rate -12 Lead ECG Treadmill 0.92 -1.30 6 recreationally
et al. (beats/min). Running active males and 4
(2015) -Breathing -Indirect 0.87 -0.88 females, Age 26.68
Phase (1) Rate calorimeter + 3.26 years,
(br/min). weight 71.10
+11.53 kg and
height 1.73 £ 0.06
m.
Rawstorn -Heart Rate  -12 Lead ECG Treadmill, Cycle 0.97 -1.45 5 males and 3
etal. (beats/min). Ergometer and females with atrial
(2015) -Breathing -Indirect Activities of 0.43 2.16 fibrillation, Age
Phase (1) Rate calorimeter daily living; 69.68 +9.53 years,
(br/min). sweep and weight 77.46
vacuum +18.81 kg and
height 1.69 + 0.12
m.
Gattietal. -HeartRate  -5Lead EKG Static. 0.99 -0.78 7 healthy males
(2014) (beats/min). Thoracic rotation. 0.98 -0.77 and 3 females, Age
Arm Lifting. 0.94 0.22 23.8 £ 2.9 years,
Batting. 0.76 -2.51 height 179 £ 8 cm
Weight moving. 0.78 -4.81 and weight 75.5
Walking. 0.74 -1.68 10.7 kg.
-Breathing -Metabolic Cart Static. 0.98 -0.19
Rate Thoracic rotation. 0.84 0.08
(br/min). Arm Lifting. 0.91 -1.16
Batting. 0.83 -0.75
Weight moving. 0.54 -2.24
Walking. 0.91 -2.57
Smith et -Heart Rate -3 Lead ECG Treadmill Walk 0.99 -0.40 Eleven healthy
al. (2014) (beats/min). Search (Crawl) 0.95 -1.70 menage20+1
Stairs 0.99 0.40 years, height 1.80
+0.07 mand
-Breathing -Metabolic Treadmill Walk 0.59 0.70 weight 82.0 £ 10.2
Rate Measurement Search (Crawl) 0.16 -1.80 kg
(br/min). System Stairs 0.55 -2.40

58



MSc. Thesis — G. Nazari

McMaster University

Table — 2.6 Validity measures of Zephyr Bioharness.

Rehabilitation Science

Authors Zephyr Validity Testing r/rho Mean Sample
Variables Criterion Protocol Differences Demographic
Measure
Dolezal et -Heart Rate -12 Lead ECG Treadmill Walk 0.99 0.04 Ten healthy men,
al. (2014) (beats/min). Search (Crawl) 0.99 -0.01 age 21 + 1 years,
Stairs 0.99 -0.13 height 184 £ 5 cm
Fast walk 0.99 0.03 and weight 91 + 10
kg.
Flanagan -Heart Rate -5 Lead ECG Cycle ergometer Seventy-five
etal. (beats/min). Rest >0.99 1.00 healthy men, age
(2014) 12- Stages >0.99 0.00 23 +4 years, height
Recovery >0.99 2.00 181 +8 cm and
weight 83+12 kg
Treadmill
Kim et al. running Twelve healthy
(2013) -Heart Rate  -12-Lead ECG Baseline 0.87 3.20 men, age 25.5+4.1,
(beats/min). 30 % VO2max 0.88 4.4 height 180.1+6.5
50 % VO2max 0.92 -1.40 and Welght 78.8
70% VOazmax 0.90 -3.30 +13.9
90% VOzmax 0.96 0.60
VO2zmax 0.92 -0.80
-Breathing -Metabolic Cart Baseline 0.80 0.60
Rate 30 % VOzmax 0.50 -1.20
(br/min). 50 % VOzmax 0.95 -1.30
70% VO2max 0.90 0.20
90% VOzmax 0.99 -0.30
VO2max 0.97 -0.50
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Table — 2.6 Validity measures of Zephyr Bioharness.

Rehabilitation Science

Authors Zephyr Validity Testing r/rho Mean Sample
Variables Criterion Protocol Differences Demographic
Measure
Walk-Jog-Run
Johnstone  -Heart Rate  Polar-T31. All Velocities 0.98 0.00 Ten physically
et al. (beats/min). 4 -6 km/h 0.92 1.30 active males, age
(2012) 8 —10.5 km/h 0.93 -0.70 21.5 + 2.8 years,
11.0 km/h 0.67 -2.10 weight 71.4 £7.9
kg and height 1.79
-Breathing -Portable All Velocities 0.82 -1.20 +01m
rate Metalyser. 4 -6 km/h 0.60 -0.60
(br/min). 8 -10.5 km/h 0.70 -1.80
11.0 km/h 0.83 -1.50
-Activity -Oxygen All Velocities 091 -
Levels Expenditure.
(ct-sec-1).
Johnstone  -Heart Rate -Polar-T31. 0.89 -3.80 Twenty-two
etal. (beats/min). physically active
(2012a) males, age 21.5 +
-Breathing -Portable 0.91 -2.00 2.8 years, weight
rate Metalyser. 71.4 +£7.9 kg and
(br/min). Treadmill — height 1.79 £ 0.10
Walking and m
-Activity -Oxygen Running
Levels Expenditure. 0.97 -
(ct-sec-1).
Temperature  -Separate skin Cycle Ergometer 0.76 -0.20
(°C). thermistor.
-Posture (°).  -Leighton Inclinometer (tilt 0.99 0.00
Flexometer Table)
Hailstone -Breathing -Metamax 3b Incremental 0.96 2.20 Six recreationally
& Kilding  rate system Treadmill active males and
(2011). (br/min). Exercise

six females, 20.0 +
1.2 years, 75.3 £
11.5 weight and
176.5 £ 10.1
height.
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Authors Zephyr Criterion Testing Agreement 95% Sample
Variables Measure Protocol Bias LoA Demographic
Rawstorn -Heart Rate -12 Lead ECG Treadmill -0.30 -21.87-9.26 6 recreationally
etal. (beats/min). -Indirect Running active males and
(2015) -Breathing calorimeter -1.25 -13.73-9.41 4 females, Age
Phase (1) Rate (br/min). 26.68 + 3.26
years, weight
71.10 £11.53 kg
and height 1.73 £
0.06 m.
Rawstorn -Heart Rate -12 Lead ECG Treadmill, Cycle 1.10 -13.39-23.79 5 males and 3
etal. (beats/min). Ergometer and females with
(2015) -Breathing -Indirect Activities of daily 0.39 -11.58 - 18.91 atrial fibrillation,
Phase (1) Rate (br/min).  calorimeter living; sweep and Age 69.68 +9.53
vacuum years, weight
77.46 +18.81 kg
and height 1.69 +
0.12m.
Gattietal. -Heart Rate - 5 Lead EKG Static. -0.78 -5.10-3.60 7 healthy males
(2014) (beats/min). Thoracic rotation. -0.77 -5.40-3.90 and 3 females,
Arm Lifting. 0.22 -7.70-8.10 Age 23.8+29
Batting. -2.51 -15.70-10.70 years, height 1.79
Weight moving. -4.81 -22.50-12.90 + 8 m and weight
Walking. -1.68 -15.60 — 12.20 75.5 £10.7 kg.
-Breathing -Metabolic Cart Static. -0.19 -2.58-2.20
Rate (br/min). Thoracic rotation. 0.08 -6.69 — 6.86
Arm Lifting. -1.16 -7.06 —4.73
Batting. -0.75 -5.95-4.46
Weight moving. -2.24 -10.42 -5.57
Walking. -2.57 -15.10 - 9.97
Smith et -Heart Rate - 3 Lead ECG Treadmill Walk -0.40 -0.70--0.10 Eleven healthy
al. (2014) (beats/min). Search (Crawl) -1.70 -3.1--0.40 menage20 +1
Stairs 0.40 0.04-0.70 years, height 1.80
+0.07 mand
-Metabolic Treadmill Walk 0.70 -0.10-1.50 weight 82.0 £
-Breathing Measurement Search (Crawl) -1.80 -4.10-0.50 10.2 kg
Rate (br/min).  System Stairs -2.40 -3.40--1.40
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Table — 2.7 Agreement parameters of Zephyr Bioharness.

McMaster University

Rehabilitation Science

Authors Zephyr Criterion Testing Agreement 95% Sample
Variables Measure Protocol Bias LoA Demographic
Dolezal et  -Heart Rate -12 Lead ECG Treadmill Walk 0.04 -0.05-0.12 Ten healthy
al. (2014) (beats/min). Search (Crawl) -0.01 -0.12-0.10 men, age 21 +
Stairs -0.13 -0.21--0.04 1 years, height
Fast walk 0.03 -0.09-0.14 184 + 5 cm and
(Outdoor) weight 91 + 10
kg.
Flanagan -Heart Rate -5 Lead ECG Cycle ergometer 1.50 -2.84-2.42 Seventy-five
etal. (beats/min). (Rest, 12-stages healthy men,
(2014) of Cycle age 23 +4
Ergometer and years, height
Recovery) 181 +8 cm and
weight 83+12
kg
Kimetal. -Heart Rate -12-Lead ECG Treadmill 0.50 -15.30 - 16.30 Twelve healthy
(2013) (beats/min). Running men, age
25.5+4.1,
-Breathing -Metabolic Cart -0.60 -5.60 — 4.40 height
Rate (br/min). 180.1+6.5 and
weight 78.8
+13.9
Johnstone  -Heart Rate -Polar-T31. -3.05 -32.20-32.20 Twenty-two
etal. (beats/min). physically
(2012a) Treadmill — active males,
-Breathing rate  -Portable Walking and -3.46 -43.70 - 43.70 age21.5+2.8
(br/min). Metalyser. Running years, weight
71.4+7.9kg
-Temperature -Separate skin Cycle Ergometer -0.61 -1.98-1.98 and height 1.79
(°C) thermistor. +0.10m
-Posture (°) -Leighton Inclinometer (tilt 0.20 -2.62 —2.62
Flexometer Table)
Johnstone  -Heart Rate Polar-T31. 0.02 -79.20-79.20 Twenty (Ten
etal. (beats/min). Walking/Jogging for Validity)
(2012) physically
-Breathing rate  -Portable -1.19 -34.40 — 34.40 active males,
(br/min). Metalyser. age21.5+2.8
years, weight
714+7.9kg

and height 1.79
+01m
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Table — 2.8 Reliability measures of Fitbit devices.

Authors Fitbit Testing ICC SEM C. I Mean Sample
Variables Protocol Diff. Demographic
Diazetal. -Steps Taken  Walking/ 0.99 - - - Twenty-three
(2015) Jogging healthy adult
-Energy 1.90-5.2 0.96 - - - participants, (10
Expenditure mph males, 13
(cal.) females), age 20
— 54 years, body
mass index
19.60 —29.90
kg/m?
Takacs et -Treadmill Thirty subjects
al. (2013) Walking (15 males. 15
females). Age
- Steps 0.90 m/s 0.99 - 0.98 -1.00 3.00 29.60 £5.70
Taken 1.12 m/s 1.00 - 0.99-1.00 0.00 years and body
1.33 m/s 0.99 - 0.99-1.00 -1.00 mass index
1.54 m/s 0.99 - 0.99 - 1.00 -1.00 22.70 £3.00
1.78 m/s 0.95 - 0.91-0.97 3.00 kg/m?
: 0.90 m/s 0.99 - 0.98 - 0.99 0.00
oat';ﬁ”(clfm) 1.12 mis 0.94 - 090-097  -0.01
1.33 m/s 0.95 - 0.92-0.98 0.00
1.54 m/s 0.98 - 0.97 - 0.99 -0.01
1.78 m/s 0.90 - 0.82-0.95 0.01
Ferguson  -Energy Activities 0.55 - - 349.00  Twenty-One
etal. Expenditure of daily participants, 10
(2015) (kcal.) living for 0.95 males (BMI
48-hour 779.00 27.30+3.20),11
- Steps Period - - females BMI
Taken 25.50 +£5.20,

mean age 32.80
+ 10.20 years
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Table — 2.9 Validity Measures of Fitbit devices.

Rehabilitation Science

Authors Fitbit Validity Testing r/rho Mean Diff. Sample
Variables Criterion Protocol Fitbit vs. Demographic
Criterion
Diaz et al. -Steps Taken  -Direct >0.97 -3.10--0.30  Twenty-three
(2015) Observation. Walking/J healthy adult
-Energy ogging participants, (10
Expenditure  -Gas Exchange  1.90-5.2 males, 13 females),
(cal). Indirect mph age 20 — 54 years,
Calorimeter. -0.80-0.40 body mass index
19.60 —29.90
>0.86 kg/m?
Leeetal. -Energy -Portable Sedentary 0.81 -26.00 Sixty healthy
(2014) Expenditure  metabolic Walking participants,
(cal.) system (2.5 mph) (Males 30, Age
Running 28.6+6.40 years,
(5.5 mph) Height 176.10 +
Moderate- 5.40cm, Weight
vigorous 75.40 £9.50 kg,
activities. body mass index
24.30+2.60 kg/m?).
(Females 30, Age
24.2+4.70 years,
Height 166.00 £
7.00cm, Weight
60.30 +8.60 kg,
body mass index
21.80+2.70 kg/m?)
Takacs et al. -Step Count -Observer Step  -Treadmill >0.97 -0.40 Thirty subjects (15
(2013) Count Walking males. 15 females).
Age 29.60 £5.70
years and body
mass index 22.70 £
3.00 kg/m?
Fergusson -Energy BodyMedia Daily 0.76 349.00 Twenty-One
etal. (2015) Expenditure  SenseWear Activities participants, 10
(kcal.) for a 48- males (BMI 27.30
hour 0.99 779.00 + 3.20), 11 females
ActiGraph Period BMI 25.50 £ 5.20,
-Step Taken mean age 32.80 +

10.20 years.
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Table — 2.10 Agreement Parameters of Fitbit devices.
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Authors

Fitbit
Variables

Criterion
Measure

Testing Agreement
Protocol Bias

95%
LoA

Sample
Demographi
c

Fergusson
etal.
(2015

-Energy
Expenditure.
(Kcal.)

-Totals Sleep
time. (min.)

-Step Count
-Moderate to

vigorous
activity. (min.)

BodyMedia
SenseWear

BodyMedia
SenseWear

ActiGraph

ActiGraph

Daily -475.00
Activities for

a 48-hour

Period

15.90

584.00

65.90

-1216.00 — 265.0

-51.00 - 82.90

-813.00 — 1980.00

-23.20 - 154.90

Twenty-One
participants,
10 males
(BMI 27.30
+3.20), 11
females BMI
25.50 +5.20,
mean age
3280+
10.20 years.

Leeetal.
(2014)

-Energy
Expenditure
(cal.)

-Portable
metabolic
system

Four 155.90
Activities

(Sedentary,

walking at

2.5 mph,

Running at

5.5 mph and

Moderate-to-

vigorous

activities)

Sixty healthy
participants,
(Males 30,
Age
28.6+6.40
years, Height
176.10 £
5.40cm,
Weight
75.40 £9.50
kg, body
mass index
24.30£2.60
kg/m?).
(Females 30,
Age
24.2+4.70
years, Height
166.00 £
7.00cm,
Weight
60.30 +8.60
kg, body
mass index
21.80+2.70
kg/m?)
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Figure 2.1 The systematic review evidence flowchart.

Search Strategy

Key words: (Zephyr Bioharness reliability, validity, response, responsiveness and
agreement, Fitbit Charge Heart Rate / Fitbit-ONE reliability, validity, response,

responsiveness and agreement.)

Dates: January 2010 to May 2016

’

Located citations (n = 592):

PubMed (n = 166)
Google scholar (n = 426)

'

Title/Abstract

review
Articles accepted for Excluded at abstract
full-text review (n =56) review (n=536)
PubMed (n = 24) PubMed (n = 209)
Google scholar (n = 32) Google scholar (n = 327)
Included for EX(_:Iuded at fuII_text
review and duplicate
Full-text critical appraisal testing
(n=14) (n=42)

Fitbit-ONE quality summary of

Zephyr Bioharness quality summary
appraised (n=4):

of appraised (n=10):

Poor (0%-30%): n =0 Poor (0%-30%):n=0

Fair (31%-50%): n =1, 10% Fair (31%-50%): n =1, 25%

Good (51%-70%): n =7, 70% Good (51%-70%): n =1, 25%
Very good (71%-90%): n = 2, 20% Very good (71%-90%): n = 2, 50%
Excellent (>90%): n =0 Excellent (>90%): n=0
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Abstract

Introduction: The development of wearable physiological monitoring devices facilitates
the assessment of physiologic function and movement in ways that might contribute to
improved physical capacity, performance or health status. Therefore, the purpose of current
study was to determine the intra-session and inter-session (test-retest) reliability of Zephyr
Bioharness and Fithit Charge variables in both healthy men and women at rest, during a
sub-maximal test and throughout recovery.

Methods: Convenience and snowball sampling approaches were used to recruit sixty
participants (30 females, 48 + 15 years) and (30 males, 48 + 15 years) from university
student, staff and faculty population and MacSeniors Community Program at McMaster
University. The intra-session reliability of Zephyr and Fitbit devices were assessed at rest,
during the Modified Canadian Aerobic Fitness Test and throughout recovery. For inter-
session reliability measures, participants were scheduled for a second session with a
minimum of a 72-hour break.

Results: At rest, intra-session average heart rate (beats/min.) Intra-class correlation
coefficients [ICC], Standard Error of Measurement (SEM) for Zephyr ranged from [0.94
t00.97] (1.17 —1.70) and [0.92 — 0.97] (1.45 — 2.10) for Fitbit Charge. During the mCAFT,
the Zephyr ICCs and (SEM) ranged from 0.31 —0.99 (1.28 — 8.10) and 0.45—0.99 (1.45 -
8.71) for the Fitbit Charge. Throughout the recovery, the ICCs and (SEM) ranged from
0.44 — 0.98 (1.26 — 10.47) and 0.45 — 0.98 (1.15 — 11.90) for Zephyr and Fitbit devices
respectively. At rest, inter-session ICCs (SEM) for Zephyr and Fitbit ranged from 0.90 —

0.94 (1.73-2.37) and 0.88 — 0.94 (1.83 — 2.67) respectively. At mCAFT, the Zephyr ICCs
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(SEM) ranged from 0.91 — 0.97 (3.12 — 4.64) and 0.85 — 0.98 (3.28 — 4.88) for the Fitbit.
Throughout the recovery, the ICCs (SEM) ranged from 0.93 — 0.97 (2.65 — 4.66) and 0.76
—0.91 (3.17 — 4.67) for Zephyr and Fitbit devices respectively. The number of steps taken
as well as the energy expenditures (calories) recorded by the Fitbit during the mCAFT
demonstrated excellent ICCs (SEM) of 0.99 (17.00) and 0.93 (9.00) respectively.

Conclusions: Both the Zephyr Bioharness and Fitbit Charge devices demonstrated
excellent reliability measures at rest, during sub-maximal testing as well as throughout

recovery among healthy participants across various age groups.
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Introduction

Study Background:

The development of Wearable Physiological Monitoring (WPM) devices provide
new ways to assess physiologic function and movement in ways that might contribute to
better physical capacity, performance or overall health (Flanagan et al., 2014). The
capabilities of these devices range from monitoring of physiological measures such as;
heart rate and respiratory rate, to the recording of number of steps taken and energy
expenditure during physical activity (Thomas, Nelson & Silverman 2005; Kim et al., 2013).
Devices such as; the Zephyr BioHarness ™ (Zephyr Technology Corporation, Annapolis,
MD, US), and Fithit Charge Heart Rate (Fitbit Inc., San Francisco, CA, US), have been
developed to monitor physiological and physical activity measures (Zephyr Technology
Manual 2012; Fitbit Charge HR Manual 2015).

Heart rate monitoring has various advantages. It has become one of the most frequently
used methods of evaluating exercise intensity (Achten & Jeukendrup 2003). In addition,
heart rate monitoring has also been proposed as a method to determine anaerobic threshold
(Conconi et al., 1982). Over the last several decades, data obtained from the linear
relationship between heart rate and oxygen consumption (VO2) has been used to estimate
maximal oxygen uptake VOzmax (Astrand & Ryhming 1954). Manual pulse palpation
provides inaccurate results and the use of electrocardiogram or Holter monitoring to assess
heart rate requires multiple wires connecting electrodes with data processing units and these
technical requirements limit how and where the devices can be used (Jovanov et al., 2002;

Bianchi et al., 2013). Both the Zephyr Bioharness (ZB) and the Fitbit Charge Heart Rate
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(FC-HR) devices provide wireless ambulatory physiological measures of heart rate.
Furthermore, several studies have taken the cheaper and an easier alternative to investigate
Energy Expenditure estimates from heart rate measures (Luke et al., 1997; Treuth, Adolph
& Butte 1998).

Physical inactivity imposes a major economic burden on the Canadian health care
system. It has been reported that in 2009, physical inactivity accounted for $ 6.70 billion
as direct health care costs in Canada: hospital, drug and physician care expenditures, as
well as indirect expenditures; economic output lost due to illness, injure-related work
disability or premature death (Janssen 2012). Physical inactivity is an independent and
modifiable risk factor for chronic disability and it has been demonstrated that regular
physical activity has been associated with health improvements in many populations
(Alwan 2010). In an attempt to promote regular physical activity, WPM devices recording
the number of steps taken and levels energy expenditure have been shown to be effective
in increasing physical activity levels (Heath et al., 2012).

An essential requirement of any device that is used to assess an individual’s status
is that it should be reliable. Reliability is referred to as the overall consistency of a device
(De Vet et al., 2006). It deals with the extent to which repeated measurements in stable
participants yield similar results (Carlson et al., 2009). Recent studies have only examined
the test-retest reliability of ZB. Johnstone et al. (2012) and Johnstone et al. 11 (2012), have
both reported excellent test-retest reliability measures (ICC > 0.90), in ten healthy young
male participants (21.5 + 2.8 years) and (20.5 £ 2.1 years) during a treadmill testing

protocol. The third study conducted by Rawstorn et al. (2015), reported the reliability
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measures in two phases. The first phase tested 10 people who were recreationally active
including six males and four females, (26.68 *+ 3.26 years) during a treadmill running test,
and then, in the second phase test five males and three females with atrial fibrillation, (69.68
+9.53 years) during a treadmill test, a cycle ergometer and during stimulated activities of
daily living (sweeping and vacuuming). Both phases demonstrated that ZB was able to
identify excellent reliability measures (ICC > 0.90). Limitations in the studies to date for
the ZB include the focus on only young males, small sample sizes and measure of reliability
only during activity. Furthermore, these findings do not provide any information regarding
the stability (intra-session reliability) of the ZB device within a single session. As for FC-
HR device, there have been no studies that have reported its reliability measures.

Therefore, studies with larger sample sizes, investigating both the intra-session and inter-
session reliability of ZB and FC-HR in both healthy men and women at rest, during a sub-

maximal test and throughout recovery, is warranted.

Study Research Question:

The overall aim of this study was to determine the reliability of ZB and FC-HR devices.
Specifically: 1) To determine the intra-session and inter-session reliability of ZB and FC-
HR heart rate variables at rest, during modified Canadian Aerobic Fitness Test (a
submaximal test) and throughout recovery. 2) To establish the inter-session reliability of
FC-HR variables of steps taken and energy expenditure, during the submaximal test. 3) To

determine which criterion measure of heart rates (the first measurement, the first three
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measurements, the first-five measurements or all measurements), would provide a more

consistent inter-session reliability measure of the heart rate by the FC-HR device.

Methods

Sampling and Recruitment:

After securing the ethical approval for this study through the Hamilton Integrated Research
Ethics Board (No. 0825), a total of sixty participants from three age groups were recorded:
20-39 (n=10 males and n=10 females), 40-59 (n=10 males and n=10 females) and 60-69
(n=10 males and n=10 females) years. Stratified convenience and snowballing sampling
approaches were used from university student, staff and faculty population and MacSeniors

Community Program at the McMaster Physical Activity Centre of Excellence.

Inclusion Criteria:

Healthy participants both males and females 20 — 69 years of age, able to read, write and
communicate in English were eligible to take part in this study (Canadian Society for
Exercise Physiology 1998). Participants completed a self-reported Physical Activity
Readiness Questionnaire (PAR-Q) and were eligible to take part if had answered “No” to

all seven PAR-Q questions.

Exclusion Criteria:

Participants were excluded from study if they had answered “Yes” to any of seven PAR-Q

questions (Canadian Society for Exercise Physiology 1998) (Appendix C).
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Sample Size Calculation for Relative Reliability Hypothesis Testing:

The sample size was based on the null hypothesis value of test-retest reliability ICC = 0.80
and the expectation of obtaining an (ICC) of 0.90 in this study (Donner & Eliasziw 1987,
Johnstone et al., 2012; Johnstone et al., 2012b). Based on the calculations, a sample size of

60 participants was required (Appendix A).

Wearable Physiological Monitoring devices:

Zephyr BioHarness

The Zephyr BioHarness (ZB) is a U.S. FDA-approved wireless ambulatory physiological
monitoring device capable of capturing and the transmission of wide range of physiological
data on the wearer including; heart rate, respiratory rate, estimated core temperature,
posture and activity levels (Zephyr Technology Manual 2012). The device includes a
BioModule that snaps onto an adjustable chest strap which is suitable for both men and
women and is worn at the lower sternum. The device measures heart rate by recording
cardiac electrical impulses using conductive fabric skin electrodes and reports beats per
minute (beats/minute) (Zephyr Technology Manual 2012). The cardiac impulses are then
sent to and processed by the BioModule. The BioModule can capture data for 26 hours

when charged for three hours and can log up to 20 days of data.

Fitbit Charge Heart Rate
The Fitbit Charge Heart Rate (FC-HR) is a flexible, elastomer wristband with a surgical-

grade stainless steel buckle which would fit wrists 13.7 to 22.1 cm in circumference. It
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captures physiological measures; wrist-based heart rate, number of steps taken and caloric
(energy) expenditure (Fitbit Charge HR Manual 2015). The device is sweat, rain and splash
proof and is powered by a Lithium-polymer battery and can store data up to 30 days and

last for 5-days upon a two-hour charge.

Modified Canadian Aerobic Fitness Test:

The Modified Canadian Aerobic Fitness Test (MCAFT) is an eight-stage step-test. Based
on age and gender, individuals’ initial stepping stage and 85% of maximum heart rate
(ceiling post-exercise heart rate) were determined (Canadian Society for Exercise
Physiology 1998). Throughout the initial stepping stage and based on a predetermined
cadence (foot-plants/minutes), individuals completed their first three-minute stepping
session on a double 20.3cm step stool. Heart rates were measured at the end of stepping
session. The measured heart rates were compared with the ceiling post-exercise heart rates
and a heart rate value less than ceiling post-exercise heart rate, indicated the need to carry
out a second three-minute stepping session (Canadian Society for Exercise Physiology
1998). Multiple three-minute stepping sessions were performed in order to achieve a heart
rate value that equalled or exceeded the ceiling post-exercise heart rate. Once this was
achieved, the test was completed. The mCAFT was chosen because it is standardized,
feasible and replicates a functional task; stair climbing (Carlson et al., 2009). In addition, it
is a well-established reliable and valid sub-maximal test and provides an estimate of VOo.

max (Weller et al. 1994; Weller & Corey 1998).
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Study Design:

The mCAFT Preliminary Participant Instructions Form (Do’s and Don’ts prior to first
session — Appendix E) was emailed to all the potential participants 48 hours prior to their
first visit. During the first session, the study was explained in detail to participants and they
were asked to complete the PAR-Q and sign a Consent Form. Then the screening
procedures; resting heart rate, resting blood pressure, height (m) and body weight (kg)
measures, were carried out (Canadian Society for Exercise Physiology 1998). Next, was
the fitting of the ZB and the FC-HR devices. Participants were then asked to be seated for
a period of ten minutes —that served as rest period. Following this ten-minute rest period,
the mCAFT was administered. The mCAFT termination was followed by a ten-minute
recovery period where the participants were asked to be seated again.

For the inter-session reliability measures, the participants were scheduled for a second visit
following a minimum of 72 hours break and the exact same procedures were carried out
(Johnstone et al., 2012). The minimum 72-hours break was chosen based on the previous

reliability studies.

Measurement Protocol:

To determine the intra-session heart rate reliability of these two devices, ZB and FC-HR
were used to record participants’ heart rate at rest, during the mCAFT and throughout the
recovery during the first session. At Rest, heart rate measurements were taken at 30-second
intervals over the 10-minute period for a total 20 measurements. During the mCAFT a total

of 24 measures for a duration of twelve minutes at 30-second consecutive intervals, and
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throughout the recovery a total of 20 measures for a period of ten minutes at 30-second
consecutive intervals were recorded. To determine the inter-session reliability of ZB and
FC-HR heart rate variable, the same 30-second heart rate interval recordings were carried
out at rest, during the mCAFT as well as at recovery during the first and second sessions
minimum of a 72-hour break between sessions. In addition, the FC-HR device was also
used to record the total number of steps taken as well as energy expenditure during the

MCAFT for both the sessions.

Statistical Analysis

Demaographic characteristics of the sample stratified by gender; women and men, including
age, height, weight, body mass index were described using means, standard deviations,
minimum and maximum scores.

The heart rate was monitored and recorded by ZB and FC-HR devices throughout the rest,
during the mCAFT and recovery. The ZB data file was exported into Microsoft Excel 2016,
and was stratified into 30-second time intervals. The FC-HR data was collected through the
Fitbit Dashboard software using The Fitbit App, at 30-second time intervals. FC-HR steps
taken and energy expenditure data files were extracted using the recommended software
put forward by the Fitbit manufacturers similar to how a consumer would use the software.
For the ZB and FC-HR intra-session heart rate reliability, means (M), mean differences
(Mean Differences), Standard Error of Measurement (SEM) and the Intra-Correlation Co-
efficient (ICC) including the 95% confidence intervals between all the 30-second

consecutive intervals at rest, during the mCAFT and throughout the recovery, during the
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first session were assessed. For the ZB and FC-HR inter-session heart rate reliability (M),
(Mean Differences), (SEM) and the (ICC) including the 95% confidence intervals between
all the 30-second consecutive intervals at Rest, mMCAFT and Recovery at the first and the
second sessions were assessed.

For the FC-HR inter-session number of steps taken and energy expenditure reliability
measures, (M), (Mean Differences), (SEM) and (ICC) including the 95% confidence
intervals only during the mCAFT were examined. In addition, the (M), (Mean Differences),
(SEM) and the (ICC) including the 95% confidence intervals of the first, first three, first
five and all the measures of heart rate recorded by FC-HR at rest, mCAFT and recovery
were reported to assess which set of measures by FC-HR provide more consistent inter-
session heart rate reliability. For all the reliability measures, the single measures of ICC
with a two-way mixed effect model and an absolute agreement type were reported. An ICC
< 0.40 indicated poor, 0.40 < ICC <0.75 indicated fair to good and ICC > 0.75 indicated
excellent reliability (Rosner 2005). Analyses were performed using IBM SPSS Statistics

software version 22.0.

Results
Sample
Sixty (30 females, 30 males) healthy participants took part in this study. Table — 3.1
displays the demographic characteristics; age, height, weight, body mass index, stratified

by gender; females and males.
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Intra-session Reliability of ZB and FC-HR for heart rate Variable:

At rest, intra-session heart rate ICCs (SEM) for ZB ranged from 0.94 to 0.97 (1.17 — 1.70)
and 0.92 — 0.97 (1.45 — 2.10) for FC-HR (Table — 3.2). During the mCAFT, the ZB ICCs
(SEM) ranged from 0.31 — 0.99 (1.28 — 8.10) and 0.45 — 0.99 (1.45 — 8.71) for the FC-HR
(Table —3.3). As anticipated, the lowest intra-session ICCs and the largest mean differences
registered were during the first minute of the mCAFT. The ICCs (Means) of 0.31 and (71.55
—102.90) and 0.75 (102.90-111.60) were recorded by ZB for the 1st and the 2nd thirty-
second intervals respectively. As for the FC-HR, the 1st and the 2nd measures recorded
ICCs (Means) of 0.45 (72.00 — 89.40) and 0.55 (89.40 — 104.00) respectively. Throughout
the recovery, the ICCs (SEM) ranged from 0.44 —0.98 (1.26 — 10.47) and 0.45—-0.98 (1.15
—11.90) for ZB and FC-HR devices respectively (Table — 3.4). The lowest intra-session
ICCs and the largest mean differences were observed during the first three measures (1.5
minutes into the recovery phase). The ICCs (Means) of 0.44 (151.50-132.47), 0.44
(132.47-113.00) and 0.71 (113.02-103.20) were recorded by ZB for the 1%, 2" and 3™
measures respectively. As for the FC-HR, the 1%, 2" and 3" measures registered ICCs
(Means) of 0.50 (150.88 — 131.27), 0.55 (131.27 — 113.78) and 0.70 (113.78 — 103.82)

respectively.

Inter-session Reliability of ZB and FC-HR for heart rate VVariable:

At rest, inter-session ICCs (SEM) for ZB and FC-HR ranged from 0.90 — 0.94 (1.73 — 2.37)
and 0.88 — 0.94 (1.83 — 2.67) respectively (Table — 3.5). At mCAFT, the ZB ICCs (SEM)

ranged from 0.91 — 0.97 (3.12 — 4.64) and 0.85 — 0.98 (3.28 — 4.88) for the FC-HR (Table
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— 3.6). Throughout the recovery, the ICCs (SEM) ranged from 0.93 — 0.97 (2.65 — 4.66)

and 0.76 — 0.91 (3.17 — 4.67) for ZB and FC-HR devices respectively (Table — 3.7).

Inter-session Reliability of Number of Steps Taken and Energy Expenditure:

The number of steps taken as well as the energy expenditures recorded by the FC-HR
during the mCAFT only, demonstrated excellent ICCs (SEM) of 0.99 (17.00) and 0.93
(9.00) respectively (Table — 3.8). The number of steps taken and the energy expenditures

were not observed at rest or throughout recovery.

Combined Inter-session reliability of FC-HR heart rate variable:

At rest, the first measure and all the 20 measures provided very similar ICCs; 0.94, 0.95,
and SEM; 1.98, 2.09, respectively (Table — 3.9). During the mCAFT, the First measure
yielded a higher ICC score; 0.91, as compared to the ICC of all the twenty measures; 0.81,
however similar SEM were reported (Table — 3.9). Throughout the recovery ICCs and
(SEM) of 0.80 (4.67) and 0.90 (4.10) were reported for the first and all twenty measures

respectively (Table — 3.9).

Discussion

This study established that high reliability can be expected in healthy participants of
different age groups, both within and across test sessions, when using either the ZB and
FC-HR to assess heart rate variables at rest, during the mCAFT and throughout recovery.

As anticipated, stable responses cannot be expected during times of elements of a test
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protocol where changes in activity are happening. Furthermore, estimates of activity
including the number of steps taken and energy expenditure also demonstrated high
reliability.

In our previous systematic review of the measurement properties of Zephyr and the Fitbit
devices, we indicated the importance of considering the device, the population, activity and
context, when interpreting measurement properties. The context of our study and how study
measurements were taken should be considered when interpreting our reliability measures
since we used a submaximal fitness test which introduced a metabolic stress to the system
and was expected to induce physiological changes; but reliability should be determined
under stable conditions. We did this because it was important to learn that the devices
provided reliable results not just when people are at rest, but more importantly during
activity as this is their main purpose. Thus we have divided our testing into different
intervals. We might anticipate that after a period of appropriate acclimatization that rest
would represent a stable condition, that the submaximal fitness test would introduce
substantial perturbation that would be reflected in physiological changes and low reliability
coefficients, and that recovery would be characterized by resumption to a stable condition.
We anticipate that across the testing, the most unstable intervals would be those where there
is transitioning between physical activity and rest or vice versa. Measuring the consistency
of a device under unstable conditions would yield lower reliability values. When
considering this, our high reliability coefficients in more stable portions of the test; and
lower reliability coefficients during times of transition were both anticipated and reflect the

context of our testing.
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Since the mCAFT was administered after a ten-minute period of rest, where
participants had already achieved a stable heart rate, the lower ICCs, larger SEM and mean
difference were expected at the beginning of mCAFT. The mCAFT is a multi-stage
progressively demanding stepping test where a predetermined cadence (foot-plants/minute)
is assigned to each stage. As the testing progressed, the stepping cadence increased as well.
However, this increase was gradual. The stepping cadence ranges from 66 — 144
steps/minute for stages 1 — 6 for men and 1 — 7 for women. This steady steps/minute
increase throughout 6 or 7 stages contributed to higher ICCs and lower heart rate mean
differences during the mCAFT throughout the 3" to 24" measures. The recovery phase was
initiated when participants achieved their ceiling post-exercise heart rate at the end of a
given three-minute stepping stage. The maximum post-exercise heart rate was referred to
the 85% of participants’ heart rate — maximum. (i.e. 85% of 220 — Age). The lower ICCs,
larger SEM and mean differences were again expected because participants were working
at 85% of their HR-max for a certain given period of time and then immediately asked to
sit (recovery phase) when the stepping stage was over. Therefore, we did not expect their
heart rates to be stable at the very beginning of the Recovery phase. However, throughout
the 4™ to 20" measure (1.5 — 10.0 minutes) higher ICCs, smaller SEM and lower mean
differences were recorded by both the devices.

Others have also reported excellent intersession reliability for the ZB at rest; 2-minutes of
upright standing before exercise (Johnstone et al., 2012b). This study was conducted on a
sample of ten physically active males, age 20.5 + 2.1 years. The narrow age range and

similar physical activity levels of this group might be expected to contribute to a more
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uniform physiological response. Our study adds to this literature as we included a more
diverse age range and both genders. Similarly, ICCs exceeding 0.90 with SEM 4.77, have
been reported for the ZB during Treadmill testing (Rawstorn et al., 2015). However, the
inclusion of cardiac patients makes comparison with our ZB findings difficult. In addition,
since our study was the first to determine the reliability of FC-HR at rest, mCAFT and
recovery phases, no directly comparable studies were found.

It is common for people to use wearable sensors to measure their overall activity in terms
of the total number of steps taken and energy expenditure. We found excellent intersession
reliability for these measures using the FC-HR. This concurs a prior study that found
excellent reliability with an earlier version of Fitbit — Fitbit-Flex, when evaluated in healthy
young adults during treadmill testing (Diaz et al., 2015). Since a different version of the
device was used, our findings can not be directly compared, however it does provide
consistent findings regarding the reliability parameters of Fitbit.

One of the issues we wished to examine in this study was whether it made a difference how
many repeated measures were used to establish the criterion measure. This is important
since it could provide evidence for users about how they should be using their device to
provide more reliable indicators of their physiological status. For example, taking multiple
measurement is common when assessing grip strength or blood pressure. Therefore, we
examined the intersession reliability of the FC-HR device based on the first measure, the
first three, first-five and all the measures of heart rate during the rest, mCAFT and recovery
phases. The criterion measure was established at a single measure, since the first measure

at rest, mCAFT and recovery provided excellent reliability.
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Strengths of this study included the fact that we used multiple devices during standardized
submaximal fitness test; that we included a range of ages and both genders and that we
sampled a greater number of participants that have been previously reported on. Despite
this, limitations inherent in our approach should be considered when interpreting our
findings. We studied the reliability of these devices during human performance and did not
evaluate the performance of the sensor to provide accurate outputs against a gold standard
(calibration). Neither the validity nor the levels of agreement between the ZB and FC-HR
device were assessed in this study. A device could be reliable but not measure what it is
intended to measure, i.e. be invalid (Brazier & Deverill 1999). In addition, a valid
instrument may still provide a lack of agreement despite high correlations indicating the
presence of bias (Bunce 2009). This occurs when one instrument consistently reads lower
or higher than the other (Bunce 2009). Therefore, assessing both the validity and levels of
agreement between the ZB and FC-HR devices are warranted. Finally, since it was
impossible to define exactly how long to rest or activity to reach a steady-state we did not
specify ahead of time where we expected will high reliability coefficients that reflect
reliability, versus low correlations that would be expected when the device was actually

measuring true change.

Conclusion
The reliability of two Wearable Monitoring Devices (Zepher Bioharness and Fitbit Charge)
provided excellent reliability measures of heart rate and activity (steps taken or energy

expenditure) during a standardized submaximal fitness test in a sample of sixty healthy

86



MSc. Thesis — G. Nazari McMaster University Rehabilitation Science

male and female participants of various age groups throughout three phases; rest, nCAFT

testing and recovery.
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Table — 3.1 Demographics
Women (n = 30) Men (n = 30)
Mean SD Min Max Mean SD Min Max
Age (yrs.) 48.00 1500 23.00 68.00 48.00 1500 21.00 68.00
Height (m) 1.70 005 1.60  1.77 1.78 006 168  1.88
Weight (kg) 69.00 11.00 50.00 100.00 7900 850 6400 97.00
Body Mass Index (kg/m?) 2400 3.50 18.00 34.00 2500 230 2000 31.00
HR-max Age-related 14650 13.00 129.00 167.00  146.10 12.85 129.00 169.00
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Table — 3.2 Intra-session reliability of Zephyr Bioharness and Fitbit Charge heart

rate variables at Rest.

Zephyr — Heart Rate

Measure Time M; and Mean SEM ICC Confidence
(min: sec) M, Diff. Interval (95%)
1st 0:00-0.30 71.19-7132 -0.13 1.28 0.97 0.95-0.98
2nd 0:30-1.00 71.32-7162 -0.3 1.30 0.97 0.95-0.98
3rd 1:00-1:30 71.62-71.67 -0.05 1.26 0.97 0.95-0.98
4th 1:30-2:00 71.67-71.72 -0.05 1.60 0.95 0.93-0.97
5th 2:00-2:30 71.72-71.30 0.42 1.50 0.96 0.93-0.97
6t 2:30-3:00 71.30-7157 -0.27 1.41 0.96 0.94-0.97
7th 3:00-3:30 7157-7162 -0.05 1.70 0.94 0.91-0.96
gth 3:30-4:00 71.62-7150 0.12 1.65 0.95 0.92-0.97
gth 4:00—4:30 7150-71.73 -0.23 140 0.96 0.94-0.98
10th 4:30—-5:00 71.73-71.35 0.38 1.54 0.95 0.93-0.97
11t 5:00-5:30 71.35-71.63 -0.28 163 0.95 0.92-0.97
12th 5:30-6:00 71.63-71.67 -0.04 1.56 0.95 0.92-0.97
13th 6:00-6:30 71.67-7132 0.35 1.68 0.94 0.91-0.96
14th 6:30-7:00 71.32-7148 -0.16 1.48 0.96 0.93-0.97
15t 7:00-7:30 71.4-7135 0.13 1.56 0.95 0.92-0.97
16t 7:30-8:00 71.35-7158 -0.23 1.47 0.95 0.92-0.97
17t 8:00-8:30 71.58-7185 -0.27 1.30 0.96 0.94-0.98
18t 8:30-9:00 71.85-71.80 0.05 1.34 0.96 0.94-0.98
19th 9:00-9:30 71.80-7155 0.25 1.17 0.97 0.96 - 0.98

20t 9:30-10:00 71.55-71.55 0.00 1.22 0.97 0.95-0.98
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Table — 3.2 Intra-session reliability of Zephyr Bioharness and Fitbit heart rate

variables at Rest.

FitBit — Heart Rate

Measure Time M; and Mean SEM ICC  Confidence Interval
(min: sec) M, Diff. (95%)

1st 0:00-0.30 71.70-71.90 -0.20 1.55 0.97 0.94-0.99
2nd 0:30-1.00 71.90-72.00 -0.10 1.60 0.96 0.93-0.97
3rd 1:00-1:30 72.00-71.70 0.30 1.73 0.95 0.91-0.97
4th 1:30-2:00 71.70-71.90 -0.20 1.88 0.94 0.89-0.96
5th 2:00-2:30 71.90-71.33 0.57 1.74 0.95 0.91-0.97
6th 2:30-3:00 71.33-7153 -0.20 1.78 0.94 0.90-0.96
7th 3:00-3:30 71.53-71.78 -0.25 2.10 0.92 0.87-0.95
gth 3:30-4:00 71.78-71.95 -0.17 1.90 0.94 0.90-0.96
oth 4:00-4:30 71.95-71.87 0.08 1.94 0.93 0.89-0.96
10th 4:30—5:00 71.87-71.67 0.20 1.75 0.94 0.91-0.97
11th 5:00-5:30 71.67-71.87 -0.20 2.05 0.92 0.87-0.95
12th 5:30-6:00 71.87-71.65 0.22 1.97 0.93 0.88 - 0.96
13th 6:00-6:30 71.65-71.82 -0.17 1.93 0.93 0.89-0.96
14th 6:30-7:00 71.82-71.63 0.19 2.10 0.93 0.88-0.96
15th 7:00-7:30 71.63-71.63 0.00 2.00 0.95 0.92-0.97
16t 7:30-8:00 71.63-71.85 -0.22 1.90 0.93 0.89-0.96
17th 8:00-8:30 71.85-71.92 -0.07 1.45 0.96 0.93-0.98
18t 8:30-9:00 71.92-72.02 -0.10 1.67 0.95 0.92-0.97
19th 9:00-9:30 72.02-72.00 0.02 1.56 0.96 0.93-0.97
20t 9:30-10:00 72.00 —71.55 0.45 1.83 0.94 0.90-0.96
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Table — 3.3 Intra-session reliability of Zephyr Bioharness and Fitbit Charge heart

rate variables during mCAFT.

Zephyr — Heart Rate

Measure Time Miand M, Mean SEM ICC  Confidence Interval
(min: sec) Diff. (95%)
15t 0:00 -0.30 7155-10290 -31.35 810 031 0.2-0.92
2nd 0:30-1.00 102.90-111.60 -8.70 6.63 0.75 -0.04-0.92
3rd 1:00 - 1:30 111.60-118.40 -6.80 534 0.87 0.05-0.96
4th 1:30 - 2:00 118.40-120.80 -240 3.27 0.99 0.89-0.98
5th 2:00 - 2:30 120.80-122.90 -2.10 255 098 0.93-0.99
6t 2:30 - 3:00 122.90-124.60 -1.70 254 098 0.96 - 0.99
7th 3:00 - 3:30 118.10-114.80  3.30 387 093 0.80 - 0.97
gt 3:30-4:00  114.80-124.30 -950 6.64 0.81 -0.04 -0.95
gth 4:00 - 4:30 124.30-128.40 -4.10 411 0.93 0.63-0.97
10th 4:30-5:00 128.40-130.30  -1.90 280 097 0.93-0.98
11th 5:00 - 5:30 130.30-132.70  -2.40 210 098 0.71-0.99
12t 5:30 - 6:00 132.70-13430 -160 175 0.99 0.95-0.99
13t 6:00 - 6:30 127.70-124.50  3.20 3.71 092 0.70-0.96
14th 6:30 - 7:00 12450-131.70  -7.20 510 0.82 -0.04 -0.95
15th 7:00—-7:30 131.70-138.00 -6.30 4.53 0.86 -0.03-0.96
16t 7:30 - 8:00 138.00-141.80 -3.80 3.23 0.92 0.26 —0.97
17th 8:00 —8:30 141.80-143.90 -2.10 196 097 0.77-0.99
18t 8:30-9:00 143.90-146.60 -2.70 283 095 0.74-0.98
19th 9:00-9:30 137.30-128.60  8.70 581 0.83 -0.02-0.97
20t 9:30-10:00 128.60-139.00 -10.40 6.90 0.79 -0.05-0.96
21t 10:00 - 10:30 139.00-145.30 -6.30 4.44 0.92 -0.01-0.98
22nd 10:30 - 11:00 145.30-148.20 -2.90 269 097 0.65-0.99
23 11:00-11:30  148.20-149.8 -1.60 128 0.99 0.47-0.99
24t 11:30-12:00 149.80-151.50 -1.70 2.02 0.98 0.90-0.99
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Table — 3.3 Intra-session reliability of Zephyr Bioharness and Fitbit Charge heart rate

variables during mCAFT.

FitBit — Heart Rate

Measure Time Mi;and M, Mean SEM ICC Confidence Interval
(min: sec) Diff. (95%)
1st 0:00-0.30 72.00 — 89.40 -17.40 7.43 045 0.02-0.87
2nd 0:30-1.00 89.40 -104.00 -14.60 8.71 0.55 -0.07-0.85
3rd 1:00-1:30 104.00 - 11463 -10.63 7.57 0.75 -0.07-0.93
4th 1:30—2:00 114.63-11945 -4.82 5,53 0.90 0.67-0.96
5th 2:00-2:30 119.45-121.20 -1.75 3.83 0.96 0.93-0.98
6th 2:30-3:00 121.20-122.63 -143 252 0.98 0.97-0.99
7t 3:00-3:30 116.00 - 110.14 5.86 5.14 0.89 0.28 -0.97
gt 3:30-4:00 110.14-118.76  -8.62 6.20 0.83 -0.04 - 0.96
gth 4:00 — 4:30 118.76 —124.22  -5.46 420 0.94 0.07-0.99
10th 4:30 - 5:00 12422 -127.60 -3.38 352 0.96 0.80-0.99
11th 5:00 - 5:30 127.60-129.84 -224 250 0.98 0.92-0.99
12th 5:30-6:00 129.84 - 132.67 -2.83 2.64 0.98 0.78-0.99
13t 6:00 — 6:30 125.00 - 120.87 4.13 485 0.87 0.35-0.96
14th 6:30 - 7:00 120.87-12739 -652 482 0.86 -0.03-0.96
15th 7:00-7:30 127.39-134.05 -6.66 478 0.86 -0.03-0.97
16t 7:30-8:00 134.05-138.56 -4.51 3.38 0.93 0.01-0.98
17th 8:00 —8:30 138.56 - 14151 -2.95 250 0.96 0.42 -0.99
18t 8:30 -9:00 141.51-144.00 -249 228 0.97 0.64-0.99
19th 9:00-9:30 135.50-124.88 10.62 6.80 0.77 -0.03-0.96
20t 9:30 — 10:00 12488 -135.78 -10.90 7.00 0.75 -0.06 —0.96
21t 10:00-10:30 135.78-143.00 -7.22 547 0.88 -0.03-0.98
22nd 10:30 -11:00 143.00-14750 -4.50 3.40 0.96 0.05-0.99
23rd 11:00-11:30 147.50-149.38 -1.88 145 0.99 0.38-0.99
24t 11:30-12:00 149.38-150.88 -1.50 167 0.98 0.92-0.99
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Measure

Zephyr — Heart Rate

Time M; and Mean SEM ICC  Confidence Interval
(min: sec) M, Diff. (95%)
1t 0:00-0.30 151.50-132.47 19.03 10.47 0.44 -0.02-0.73
2nd 0:30-1.00 132.47-113.00 19.47 10.10 0.44 -0.06 - 0.77
3rd 1:00-1:30  113.02-103.20 9.82 422 071 -0.02-0.89
4th 1:30-2:00 103.28 -97.30 5.98 563 0.82 0.27-0.93
5th 2:00 -2:30 97.30 - 95.50 1.80 3.72 0091 0.84-0.95
6t 2:30-3:00 95.57-91.30 4.27 444  0.86 0.48-0.94
7t 3:00-3:30  91.30-90.00 1.30 265 094 -0.89-0.96
gth 3:30 - 4:00 90.07 — 89.90 0.17 321 0091 0.85-0.95
gth 4:00-4:30 89.95-86.90 3.05 3.88 0.88 0.70-0.94
10th 4:30-5:00 86.90 - 86.90 0 259 095 0.92-0.97
11th 5:00 - 5:30 86.93 — 86.20 0.73 3.05 0.93 0.88-0.95
12th 5:30-6:00  86.27 — 86.00 0.27 274 094 0.90-0.96
13th 6:00-6:30  86.07 — 85.00 1.07 247 096 0.93-0.97
14th 6:30 — 7:00 85.05 — 85.80 -0.75 264 095 0.91-0.97
15th 7:00-7:30 85.82-84.60 1.22 194 0.97 0.94-0.98
16t 7:30-8:00 84.63-84.70 -0.07 1.26 0.98 0.98 - 0.99
17th 8:00 - 8:30 84.75 - 83.90 0.85 145 098 0.97-0.99
18t 8:30 - 9:00 83.97 — 83.80 0.17 174 0.97 0.95-0.98
19th 9:00-9:30 83.83 - 82.60 1.23 194 0.97 0.93-0.98
20t 9:30-10:00 82.60 —82.70 -0.10 156 0.98 0.96 - 0.98
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Table — 3.4 Intra-session reliability of Zephyr and Fitbit Charge heart rate variables

throughout Recovery.

FitBit — Heart Rate

Measure Time M; and Mean SEM ICC  Confidence Interval (95%)
(min: sec) M, Diff.
1st 0:00-0.30 150.88 — 131.27 19.61 11.00 0.50 -0.10-0.80
2nd 0:30-1.00 131.27-113.78  17.49 1190 045 -0.09-0.76
3rd 1:00-1:30 113.78 - 103.82 9.96 8.22 0.70 0.01-0.89
4th 1:30 - 2:00 103.82 - 98.73 5.09 4.66 0.85 0.43-0.94
5th 2:00-2:30 98.73 - 94.97 3.76 4.48 0.86 0.62-0.94
6t 2:30-3:00 94.97 — 90.07 4.90 4.38 0.85 0.24-0.95
7t 3:00 - 3:30 90.07 — 88.40 1.67 2.70 0.94 0.88 - 0.97
gth 3:30 - 4:00 88.40 — 87.37 1.03 3.05 0.91 0.86 —0.95
gth 4:00 — 4:30 87.37 — 85.90 1.47 2.73 0.93 0.87-0.96
10th 4:30 - 5:00 85.90 — 85.93 -0.03 2.30 0.95 0.92-0.97
11th 5:00 — 5:30 85.93 — 84.92 1.01 2.65 0.94 0.89-0.96
12th 5:30-6:00 84.92 — 83.55 1.37 2.89 0.92 0.87-0.96
13th 6:00 — 6:30 83.55-84.33 -0.78 3.32 0.90 0.83-0.94
14th 6:30 — 7:00 84.33 -83.73 0.60 2.64 0.93 0.88 - 0.96
15t 7:00-7:30 83.73 -83.20 0.53 1.47 0.98 0.96 -0.99
16t 7:30 - 8:00 83.20 — 83.52 -0.32 1.72 0.97 0.95-0.98
17th 8:00 — 8:30 83.52 — 83.05 0.47 1.70 0.97 0.95-0.98
18th 8:30 - 9:00 83.05 — 82.87 0.18 1.92 0.96 0.94-0.98
19th 9:00 - 9:30 82.87 — 81.45 1.42 2.37 0.94 0.87-0.97
20t 9:30 - 10:00 81.45-81.33 0.12 1.15 0.98 0.97-0.98
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Zephyr — Heart Rate

Measure Time M; and Mean SEM ICC Confidence
(min: sec) M, Diff. Interval (95%)
15t ond

15t 0:00 - 0:00 71.32—-71.53 -0.21 1.73 0.94 0.91-0.96
2nd 1:00-1:00 71.62-71.78  -0.16 1.90 0.93 0.89-0.96
3rd 1:30-1:30 71.67—-71.50 0.17 2.10 0.92 0.87-0.95
4th 2:00-2:00 71.72—71.87 -0.15 2.26 0.91 0.85-0.94
5th 2:30-2:30 71.30—-71.55 -0.25 2.01 0.91 0.86 — 0.95
6t 3:00 - 3:00 71.57-71.28 0.29 2.26 0.90 0.85-0.94
7th 3:30-3:30 71.62-71.37 0.25 217 0.91 0.86-0.94
gth 4:00 - 4:00 71.50-71.70 -0.20 217 0.92 0.86 - 0.94
gth 4:30 - 4:30 71.73-71.25 0.48 2.28 0.91 0.85-0.94
10t 5:00 - 5:00 71.35-71.57 -0.22 2.18 0.91 0.86-0.94
11th 5:30 -5:30 71.63-71.57 0.06 2.31 0.90 0.84-0.94
12t 6:00 — 6:00 71.67-71.78  -0.11 2.30 0.91 0.84-0.94
13t 6:30 - 6:30 71.32—-71.23 0.09 1.85 0.93 0.90-0.96
14th 7:00-7:00 71.48-71.68 -0.20 1.79 0.94 0.91-0.96
15t 7:30-7:30 71.35-71.60 -0.25 1.94 0.92 0.87-0.95
16t 8:00 —8:00 71.58-72.00 -0.42 2.24 0.90 0.84-0.94
17th 8:30-8:30 71.85-71.83 0.02 2.13 0.92 0.86—0.95
18t 9:00-9:00 71.80-71.73 0.07 2.37 0.90 0.83-0.93
19th 9:30-9:30 71.55-71.87 -0.32 2.10 0.92 0.87-0.95
20t 10:00 - 10:00  71.55-71.85 -0.30 2.14 0.91 0.86 -0.94
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Zephyr Bioharness and Fitbit heart rate

FitBit — Heart Rate

Measure Time M; and Mean SEM ICC  Confidence Interval
(min: sec) M, Diff. (95%)
15t ond

1st 0:00 - 0:00 71.92-7187 0.05 198 0.93 0.90-0.96
2nd 1:00-1:00 7200-7232 -032 202 0.93 0.88-0.95
3rd 1:30-1:30 71.72-7172  0.00 217 091 0.86-0.94
4th 2:00 -2:00 71.90-72.05 -0.15 194 0.93 0.88-0.95
5th 2:30-2:30 71.33-7187 -054 201 092 0.87-0.95
6t 3:00 - 3:00 7153-7165 -0.12 254 0.88 0.80-0.92
7t 3:30-3:30 7178 -7166 0.12 227 090 0.84-0.94
gth 4:00 - 4:00 71.95-72.08 -0.13 234 0.90 0.83-0.93
gth 4:30—4:30 71.87-7143 0.44 243 0.89 0.82-0.93
10th 5:00 - 5:00 71.66 -72.02 -0.36 226 091 0.84-0.94
11th 5:30 - 5:30 71.86-7177 0.09 260 0.88 0.80-0.92
12th 6:00 — 6:00 71.65-72.05 -0.40 220 091 0.85-0.94
13th 6:30 - 6:30 7181 -7166 0.15 2.04 092 0.87-0.95
14th 7:00-7:00 71.63-7182 -019 181 0.94 0.90-0.96
15t 7:30-7:30 71.63-7187 -0.24 2.67 092 0.87-0.95
16t 8:00 - 8:00 71.85-7230 -045 235 0.89 0.82-0.93
17t 8:30-8:30 7191-7233 -0.42 228 091 0.84-0.94
18th 9:00 - 9:00 72.02-7215 -0.13 230 091 0.84-0.94
19th 9:30-9:30 72.00-7230 -0.30 183 094 0.90-0.96
20t 10:00-10:00 7155-7230 -0.75 238 0.89 0.82-0.93
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Table — 3.6 Inter-session reliability of Zephyr Bioharness and Fitbit Charge heart

rate variables during mCAFT.

Zephyr — Heart Rate

Measure ~ Time (min:sec) M;and M, Mean SEM ICC  Confidence Interval
15t 2nd Diff. (95%)
18t 0:00 - 0:00 102.93-99.78 3.15 3.15 0.93 0.63-0.97
2nd 1:00—1:00 111.65-108.40 3.25 3.70 0.93 0.75-0.97
3rd 1:30-1:30 118.42-115.48 2.94 3.65 094 0.84-0.97
4th 2:00 - 2:00 120.87-117.70  3.17 344 0.96 0.82-0.98
5th 2:30 - 2:30 122.95-120.17 2.78 3.23 097 0.88-10.98
6t 3:00 - 3:00 124.65-122.60 2.05 312 0.97 0.94-0.98
7th 3:30-3:30 114.88-113.04 1.84 340 0.95 0.90-0.97
gth 4:00 — 4:00 124.34-121.36  2.98 3.93 0.93 0.83-0.97
gth 4:30 - 4:30 128.46-125.73  2.73 346 0.95 0.86 —0.98
10t 5:00 — 5:00 130.32-128.31  2.01 322 096 0.92-0.98
11t 5:30-5:30 132.78-131.00 1.78 3.33 0.96 0.93-0.98
12th 6:00 — 6:00 134.35-132.47 1.88 3.20 0.97 0.94-0.98
13t 6:30 — 6:30 124.51-122.49  2.02 326 093 0.85-0.96
14th 7:00-7:00 131.80-129.84 1.96 3.16 0.93 0.85-0.96
15t 7:30-7:30 138.08-135.59  2.49 3.15 0.93 0.79-0.97
16" 8:00 — 8:00 141.87-138.64  3.23 343 092 0.65-0.97
17t 8:30 - 8:30 143.92-141.28 2.64 321 093 0.79-0.97
18t 9:00 - 9:00 146.62-143.69  2.93 3.34 0.93 0.74-0.97
19th 9:30-9:30 128.63-126.13  2.50 328 094 0.72-0.98
20t 10:00 — 10:00 139.00-135.38 3.62 450 0.92 0.62-0.98
21t 10:30 — 10:30 145.38-140.75  4.63 464 091 0.46-0.98
22nd 11:00 — 11:00 148.25-145.00  3.25 3.77 094 0.68 —0.98
23 11:30 - 11:30 149.88-146.13  3.75 417 0.93 0.62-0.98
24t 12:00 - 12:00 151.50-147.38 4.12 3.88 094 0.49-0.99

102



MSc. Thesis — G. Nazari McMaster University Rehabilitation Science

Table — 3.6 Inter-session reliability of Zephyr Bioharness and Fitbit Charge heart rate

variables during mCAFT.

FitBit — Heart Rate

Measure ~ Time (min:sec) My and M, Mean ~ SEM ICC Confidence Interval

15t 2nd Diff. (95%)
18t 0:00 - 0:00 89.42 — 87.89 153 3.85 0.91 0.84-0.94
2nd 1:00-1:00  103.93-10157  2.36 4.04 0.91 0.84-0.95
3rd 1:30-1:30  114.63-112.08 255 3.70 0.95 0.88-0.97
4th 2:00-2:00  119.45-11672  2.73 4.40 0.93 0.87-0.96
5th 2:30-2:30  121.20-119.12  2.08 3.70 0.96 0.92-0.97
6th 3:00-3:00  122.63-12068 195 3.53 0.97 0.94-0.98
7th 3:30-3:30  110.14-109.16  0.98 3.53 0.95 0.91-0.97
gth 4:00-4:00  11878-11647 231 3.76 0.95 0.89-0.97
oth 4:30-4:30 1242212155  2.67 4.24 0.95 0.88-0.97
10t 5:00-5:00  127.60-12510  2.50 3.60 0.97 0.91-0.98
11t 5:30-5:30  129.83-127.73  2.10 3.50 0.96 0.93-0.98
12th 6:00—6:00  132.67-13027  2.40 4.25 0.95 0.91-0.97
13t 6:30—6:30  120.87-117.87  3.00 3.70 0.92 0.76 — 0.96
14t 7:00-7:00  127.36-12390  3.46 4.27 0.91 0.72-0.96
15th 7:30-7:30 134.05-13162  2.43 3.65 0.92 0.83-0.96
16t 8:00-8:00 1385613592 264 3.62 0.92 0.81-0.96
17t 8:30-8:30  141.50-139.33  2.17 4.73 0.89 0.78-0.94
18th 9:00-9:00  144.00-140.77  3.23 3.28 0.93 0.65-0.97
19th 9:30-9:30  124.87-12125  3.62 3.93 0.90 0.48-0.97
20t 10:00-10:00 135.38-129.38  6.00 4.68 0.85 0.20-0.97
21th 10:30-10:30  143.00-13750 550 4.70 0.88 0.33-0.97
22nd 11:00-11:00  147.50-14213 537 4.77 0.90 0.24-0.98
23rd 11:30-11:30  149.38-14388 550 4.88 0.89 0.26 - 0.98
241 12:00-12:00 150.88-146.00  4.88 451 0.92 0.35-0.98
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Zephyr — Heart Rate

Measure Time M; and Mean SEM ICC  Confidence Interval
(min: sec) M Diff, (95%)
15t ond

1st 0:00 - 0:00 132.40-129.65 2.75 410 090 0.78-0.95
2nd 1:00-1:00 113.02-114.05 -1.03 3.85 0.93 0.89-0.96
3rd 1:30-1:30 103.28-105.38 -2.10 412 0.91 0.84-0.95
4th 2:00 -2:00 97.30 - 99.77 -247 466 0.87 0.76 - 0.92
5th 2:30-2:30 9557 -97.10 -153 437 0.87 0.79-0.92
6th 3:00 - 3:00 91.30-93.07 -1.77 414 0.88 0.79-0.93
7th 3:30-3:30 90.07 - 92.63 -256  3.74 0.87 0.73-0.93
gth 4:00 - 4:00 89.95-9158 -163 3.75 0.88 0.79-0.93
gth 4:30-4:30 86.90 -88.93 -2.03 391 0.89 0.80-0.93
10t 5:00 - 5:00 86.93 — 88.13 -1.20 331 0.91 0.86 - 0.95
11t 5:30 -5:30 86.27 - 8757 -1.30 359 0.88 0.80-0.93
12th 6:00 - 6:00 86.07 -87.22 -1.15 315 0.92 0.87-0.96
13t 6:30 — 6:30 85.05 - 87.13 -208 295 0.93 0.84-0.97
14t 7:00-7:00 85.82-86.70 -0.88 2.65 0.94 0.90-0.96
15t 7:30-7:30 84.63-86.00 -137 3.15 0.93 0.87-0.96
16t 8:00 —8:00 84.75 - 85.20 -045 284 0.93 0.89-0.96
17t 8:30-8:30 83.97 - 85.15 -1.18 278 0.93 0.88 - 0.96
18t 9:00 - 9:00 83.83 - 84.45 -0.62 295 091 0.86 — 0.95
19t 9:30 -9:30 82.60 — 83.97 -1.37 3.10 0.91 0.84-0.94
20t 10:00-10:00 82.72-84.40 -1.68 3.11 0.89 0.80-0.94

104



MSc. Thesis — G. Nazari

McMaster University
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Table — 3.7 Inter-session reliability of Zephyr Bioharness and Fitbit heart rate

variables throughout Recovery.

FitBit — Heart Rate

Measure Time M; and Mean SEM ICC  Confidence Interval (95%)
(min: sec) M, Diff.
1t ond
1t 0:00 - 0:00 131.27-131.82 -0.55 467 0.80 0.63-0.85
2nd 1:00—1:00 113.78 -114.47  -0.69 4.15 0.93 0.88-0.96
3rd 1:30-1:30 103.82 -106.18 -2.36 4.50 0.91 0.83-0.95
4th 2:00 - 2:00 98.73 —99.82 -1.09 4.45 0.84 0.74-0.90
5th 2:30-2:30 94.97 — 95.02 -0.05 4.56 0.83 0.73-0.90
6t 3:00 - 3:00 90.07 — 92.63 -2.56 4.20 0.89 0.78-0.94
7th 3:30-3:30 88.40 — 90.61 -2.21 4.30 0.87 0.77-0.92
gth 4:00 — 4:00 87.37 - 89.25 -1.88 3.73 0.89 0.80-0.94
oth 4:30 - 4:30 85.90 — 87.98 -2.08 4.20 0.85 0.75-0.91
10th 5:00 - 5:00 85.93 — 87.45 -1.52 3.63 0.89 0.82-0.94
11th 5:30-5:30 84.92 — 86.18 -1.26 3.30 0.91 0.85-0.94
12th 6:00 — 6:00 83.55 — 86.03 -2.48 3.90 0.87 0.75-0.93
13th 6:30 - 6:30 84.33 - 85.60 -1.27 3.62 0.88 0.81-0.93
14th 7:00-7:00 83.73 -85.43 -1.7 3.10 0.90 0.82-0.95
15th 7:30-7:30 83.20 — 84.83 -1.63 2.90 0.91 0.84-0.95
16t 8:00 —8:00 83.51 -84.77 -1.26 2.98 0.91 0.85-0.95
17th 8:30-8:30 83.05 - 85.03 -1.98 3.17 0.90 0.79-0.94
18t 9:00-9:00 82.87 — 84.32 -1.45 3.38 0.87 0.79-0.92
19th 9:30-9:30 81.45-83.43 -1.98 3.35 0.86 0.74-0.92
20t 10:00 — 10:00 81.33 - 83.07 -1.74 3.35 0.82 0.70-0.89
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Table — 3.8 Test-retest reliability of Fitbit variables Steps Taken and Energy

Expenditure during mCAFT.

FitBit — Steps Taken and Energy Expenditure

Variable M; and M, Mean SEM ICC Confidence Interval
Diff. (95%)

Steps Taken 899.00 -893.00 6.00 17.00 0.99 0.98 -0.99

Energy Expenditure 131.00-129.00 2.00 9.00 0.93 0.89-0.96
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Table — 3.9 Combined Inter-session reliability of FC-HR heart rate variable.

McMaster University

Rehabilitation Science

FitBit — Heart Rate

Measures at Rest Time M3 and M, Mean SEM ICC Confidence
(min: sec) Diff. Interval (95%)
1t 0.00-0.30 71.92-71.86 0.06 198 094 0.90 - 0.96
15t - 3rd 0.00-1:30 71.88—71.97 -0.09 200 0.95 0.92-0.97
15t - 5th 0.00-2:30 71.77-71.96  -0.19 199 0.96 0.93-0.98
15t- 20t 0.00-10:00 71.78-71.96  -0.18 209 0.9 0.93-0.97
Measures at
mCAFT
1t 0.00-0.30 89.42 - 87.97 145 3.85 0.91 0.84-0.94
15t 3rd 0.00-1:30 102.66 - 100.54 212  3.79 0.94 0.87-0.97
15t~ 5th 0.00-2:30 109.73-107.49 224  3.89 0.95 0.89-0.98
15t - 24th 0.00-10:00 129.63-128.72 091 3.98 0.85 -0.81-0.99
Measures at
Recovery
1t 0.00-0.30 131.27-131.83 -0.56 4.67 0.80 0.63-0.85
15t 3rd 0.00-1:30 116.29-11749 -1.2 444 0.94 0.89 - 0.96
15t~ 5th 0.00 — 2:30 108.51-109.46 -0.95 4.46 0.93 0.89 - 0.96
15t - 20t 0.00 —10:00 90.61 -92.20 -1.59 4.10 0.90 0.86 — 0.96
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Abstract

Introduction: Advances in technology has assisted in development of Wearable
Physiological Monitoring devices that are small, non-invasive as well as easy to use in
capturing and monitoring of various physiological measures. Therefore, the purpose of this
study was to establish the validity and inter-device agreement between the Fitbit Charge
and Zephyr Bioharness devices at Rest, during a sub-maximal test and throughout
Recovery.

Methods: Sixty participants were recruited (30 females, 48 £ 15 years) and (30 males, 48
+ 15 years) using convenience and snowball sampling approaches from McMaster
University. The performance of Zephyr and Fitbit devices were assessed throughout three
phases; rest, Modified Canadian Aerobic Fitness Test and recovery. To establish concurrent
validity, the Fitbit device variables; heart rate, steps taken and energy expenditures, were
compared with two adopted criterion measures; the Zephyr Bioharness for heart rate, and
Fitbit-One for steps taken and energy expenditure variables.

Results: Pearson’s correlation coefficients (Mean differences) for heart rate variable were
0.97 - 0.99 (-0.60 — 0.02) at rest, 0.89 — 0.99 (13.51 — 0.62) at submaximal testing and 0.70
— 0.84 (-0.54 — 2.52) throughout recovery. In addition, for steps taken and energy
expenditure variables Pearson’s correlations (Mean differences) were 0.98 (79.43) and 0.80
(39.13) respectively. The average agreement bias of heart rate in pair-wise device
comparison indicated mean differences of -0.20, 4.00 and 1.00 at rest, sub-maximal testing
and recovery respectively. Steps taken and energy expenditure comparison yielded larger

average biases of 79.40 and 39.20 respectively.
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Conclusion: The FC-HR device heart rate variable demonstrated strong to very strong
correlations when concurrently compared with ZB, and provided valuable information
regarding its interchangeable use in a sample of sixty healthy male and female
participants of various age groups at rest, during a standardized submaximal fitness and

during recovery phases following the test.
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Introduction

Study Background:

Advances in technology has promoted the development of Wearable Physiological
Monitoring (WPM) devices that are small, non-invasive as well as easy to use in capturing
and monitoring physiological measures across various fields including personnel in the fire
service, or construction workers as well as promoting changes in physical activity levels
(Johnstone et al., 2012b; Gatti et al., 2014; Smith et al., 2014; Tully et al., 2014). These
advances in technology have led to a constant development of newer WPM devices. One
such a device is the Fitbit Charge Heart Rate (FC-HR) a wrist band capable of recording
continuous wrist-based heart rate and other physical activity components (Fitbit Charge HR
Manual 2015).

Heart rate monitoring can have important implications. The maximum heart rate (HRmax)
is the highest heart rate an individual can achieve without severe problems (Atwal, Porter
& MacDonald 2002). An individual’s maximum heart rate is age dependent and generally
decreases with age. Exceeding maximum heart rate can be dangerous to your health, as
exertion at extreme intensities are associated with increased risks for cardiac events (Atwal,
Porter & MacDonald 2002). Heart rate monitoring is among one of the most common
techniques used to determine work related physiological demands (Gatti et al., 2014).
Excessive work related physiological demands can jeopardise the safety and productivity
as it lowers the worker’s attentiveness, motivation as well as the capacity to perform
muscular work (Gatti et al., 2014). In addition, in athletes, heart rate monitoring provides

valuable information as during early stages of overtraining the maximal heart rates as well
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as submaximal heart rates may be decreased, and while resting and sleeping heart rates may
be increased (Jeukendrup & Van Dieme 1998).

In research, standardised methods to measure physical activity have been developed which
involve the use of accelerometers (Lee, Kim & Welk 2014). Physical inactivity is a causal
factor to the ever expanding healthcare costs associated with obesity and chronic disease
(Colditz 1999; Physical Activity Guidelines Advisory Committee Report 2008). Methods
of prevention and treatment for obesity and chronic disease involve increasing physical
activity levels by quantifying the number of steps taken and total energy expenditures
(Takacs et al., 2014).

Both reliability and validity measures of a device are important for its utilization (Streiner
& Norman 1995). In our previous study (Chapter — 3), FC-HR device demonstrated
excellent intra-session reliability (stability) and inter-session (test-retest) reliability
measures. Validity is refereed to the degree to which a device measures what it is intended
to measure (Brazier & Deverill 1999). Concurrent validity is established when
simultaneous recordings are made by a device (to be validated) and its criterion (Portney
& Watkins 1993). However, the validity between two devices does not warrant agreement,
as a lack of agreement in spite of high correlations can be indicative of presence of bias
(Bunce 2009). Since conceptual differences exist between validity and agreement
parameters, and that there is a paucity of reports in the current literature about measures
related to FC-HR device, therefore we aimed to establish the validity and agreement

parameters of FC-HR, against two reliable and valid devices; Zephyr Bioharness (ZB) and
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Fitbit-ONE (F-ONE), during three phases; at rest, during a sub-maximal test and

throughout recovery following the exercise test.

Study Research Questions:

The overall aim of this study was to determine the validity and levels of agreement between
the ZB and FC-HR devices. Specifically; 1) To determine the concurrent validity and the
levels of agreement between ZB and FC-HR heart rate variables at rest, during mCAFT
and throughout recovery. 2) To establish the concurrent validity and inter-device agreement
between FC-HR and F-ONE number of steps taken and energy expenditure variables during

Modified Canadian Aerobic Fitness Test.

Methods

Sampling and Recruitment:

Stratified convenience and snowballing sampling approaches were used and a total of sixty
participants (30 females) were recruited from the School of Rehabilitation Science and
Physical Activity Centre of Excellence, McMaster University. We received ethical

approval for this study through the Hamilton Integrated Research Ethics Board (No. 0825),

Inclusion Criteria:

A Physical Activity Readiness Questionnaire (PAR-Q) was administered to both males and
females between 20 — 69 years of age and only those with “No” answers to all seven PAR-

Q questions were eligible to take part in the study (Canadian Society for Exercise
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Physiology 1998). The ability to read, write and communicate in English was also a

requirement.

Exclusion Criteria:

Individuals with “Yes” response/s to any of PAR-Q questions (Canadian Society for

Exercise Physiology 1998).

Sample Size Calculations:

The sample size calculation was based upon our previous Zephyr and Fitbit Charge
reliability study (Chapter — 3) with a null hypothesis test-retest reliability value of ICC 0.80
and the expectation of obtaining a test-retest reliability ICC of 0.90 (Donner & Eliasziw
1987; Johnstone et al., 2012; Johnstone et al., 2012b). Based on the calculations, a sample

size of 60 participants was needed (Appendix A).

Wearable Physiological Monitoring devices

Fitbit Charge Heart Rate

Fitbit Charge Heart Rate (FC-HR) is a wristband that provides continuous automatic wrist-
based heart rate through an optical heart rate monitor as well as number of steps taken and
energy expenditure by a 3-axis accelerometry sensor (Fitbit Charge HR Manual 2015). The
device synchronises with personal computers, is powered by a Lithium-polymer battery,
and lasts for 5-days when charged for two hours and stores data up to 30 days. Based on

our previous study, FC-HR device demonstrated excellent reliability measures.
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Zephyr BioHarness

The Zephyr BioHarness (ZB) consists of an adjustable chest belt featuring conductive
fabric sensors and an electronic BioModule that snaps on to the belt. The device fits
comfortably on the chest at the lower sternum for both men and women and weighs 85
grams. The device is monitors and records physiological measures such as; heart rate,
respiratory rate and estimated core temperature, posture and activity levels (Zephyr
Technology Manual 2012). Recording of cardiac electrical impulses by conductive fabric
skin electrodes on the wearer enables the monitoring and measure of the heart rate. The
cardiac impulses are then sent to and processed by the BioModule as beats per minute
(b-min-1) (Zephyr Technology Manual 2012). With three-hour charging of the BioModule,
26 hours of data is recorded and can log up to 20 days of data. Based on previous studies,
ZB is considered as a reliable and valid device in assessing heart rate measures, and its
agreement parameters against gold standard measures have also been established,
suggestive of interchangeable use. (Johnstone et al., 2012; Johnstone et al., 20123;
Johnstone et al., 2012b; Kim et al., 2013; Gatti et al., 2014; Smith et al., 2014; Dolezal et

al., 2014; Flanagan et al., 2014; Rawstorn et al., 2015).

Fitbit ONE

The Fitbit ONE (F-ONE) is a small (48.0 x 19.3 x 9.6 mm) and lightweight (8g) advanced
tri-axial accelerometry-based device which can be worn on the hip, in the front pocket of
pants or shorts and it tracks physical activity and measures sleep quality (Fitbit-One Manual

2012). Its physical activity recording features include; number of steps taken, energy
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expenditure, floors climbed and distance travelled. It is powered by a Lithium-ion polymer
battery, stores data for up to 23-days and the captured data can be uploaded to a personal
computer (Fitbit-One Manual 2012). The reliability and validity of F-ONE has been
reported in the literature (Lee, Kim & Welk 2014; Takacs et al., 2014; Diaz et al. 2015;

Ferguson et al., 2015).

Modified Canadian Aerobic Fitness Test:

The Modified Canadian Aerobic Fitness Test (NCAFT) is a multistage submaximal step
test that consists of eight-stages (Canadian Society for Exercise Physiology 1998).The
initial stepping stage and 85% of maximum heart rate were calculated based on each
participant’s age and gender. The 85% maximum heart rate value is referred to as the ceiling
post-exercise heart rate (Canadian Society for Exercise Physiology 1998). During a
stepping session, the participants completed a three-minute stepping on a double 20.3 cm
step stool at a predetermined cadence (foot-plants/minutes) corresponding to the assigned
stepping stage. At the end of each three-minute stepping session, participants’ heart rate
was measured and compared with the predetermined ceiling post-exercise heart rate, and if
the measured heart rate did not equal or exceeded the predetermined heart rate value the
participants proceeded to the next three-minute stepping session (Canadian Society for
Exercise Physiology 1998). The participants performed these progressively demanding
three-minute stepping sessions until they achieved a heart rate that equated or exceeded the
ceiling post-exercise heart rate (Canadian Society for Exercise Physiology 1998). Once the

predetermined heart rate was achieved, the test was completed. The mCAFT sub-maximal
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test has been identified as a reliable, valid, standardized and feasible, it provides
individual’s with an estimated levels of maximal oxygen uptake (VO2-max) and involves a
functional task — stair climbing (Canadian Society for Exercise Physiology 1998; Weller et

al., 1994; Weller & Corey 1998)

Concurrent Validity of FC-HR device:

To establish its concurrent validity, the FC-HR variables; Heart Rate, Steps Taken and
Energy Expenditures, were concurrently compared with two adopted criterion measures.
The criterion measures within this study were the ZB for heart rate variable and F-ONE for

steps taken and energy expenditure variables.

Study Design:

Standardised procedures were followed where the participants were emailed the mCAFT
Preliminary Participant Instructions Form (Do’s and Don’ts prior to their session —
Appendix E) 48 hours prior to their visit. At their first visit, the principal investigator
explained the study to the participants, administered the PAR-Q as well as obtained a
written signed Consent Form. Next, the participants’ resting heart rate, resting blood
pressure, height (m) and body weight (kg) measures, were recorded®. Then, the devices;
ZB, FC-HR and the F-ONE, were fitted. Participants were then required to be seated for a
period of ten minutes which was considered — rest period. Following this ten-minute “rest”

period, the mCAFT — “activity phase” was administered. The mCAFT termination was
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followed by a ten-minute “recovery” period where the participants were required to be

seated again

Measurement Protocol:

To determine the concurrent validity of FC-HR and establish its levels of agreement with
ZB and F-ONE devices, participants’ heart rate were recorded using the FC-HR and ZB
devices during three phases. At rest, a total of twenty measures for ten minutes, during the
mMCAFT atotal of twenty-four measures for twelve minutes and throughout recovery a total
of twenty measures for ten minutes, all at 30-second consecutive intervals were recorded.
In addition, the FC-HR and F-ONE devices were both used to record the total number of

steps taken and energy expenditures during the mCAFT.

Statistical Analysis

Demographic characteristics of the sample stratified by gender; women and men, including
age, height, weight, body mass index, age-related heart rate maximum were described using
means, standard deviations, minimum and maximum scores.

The ZB data file was exported into Microsoft Excel 2016, and was stratified into 30-second
time intervals. We collected FC-HR heart rate data through the Fitbit Dashboard software
using The Fitbit App, at 30-second time intervals. In addition, FC-HR steps taken and
energy expenditure data were extracted using the recommended software suggested by the

Fitbit manufacturers. To indicate concurrent validity, Pearson correlation coefficients (r)
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were used to compare 1) strength of association between the ZB and FC-HR heart rate
variables at rest, during mCAFT and throughout recovery phases, and 2) strength of
association between the FC-HR and F-ONE steps taken and energy expenditure variables
during the mCAFT. Two hypotheses were tested; 1) ZB vs. FC-HR heart rate measures at
all the three phases would demonstrate strong correlations, and 2) FC-HR vs. F-ONE steps
taken and energy expenditure recordings during mCAFT would similarly display strong
correlations. The absolute value for the strength of correlation (r) using the guide suggested
by (Evans 1996) were; 0.20-0.39 “weak”, 0.40-0.59 “moderate”, 0.60-0.79 “strong”, 0.80-
1.00 “very strong”®°. To determine the levels of agreement between ZB vs. FC-HR as well
as FC-HR vs. F-ONE, MedCalc software bvba, version 16.2.1 was used to calculate Bland
and Altman plots of individual differences against the mean of the two measures for all the
three phases (Bland & Altman 1986). Individual agreement between each two devices was
then summarised by the mean difference, the 95% limits of agreement (x 1.96 times
standard deviations). To examine average agreement/ bias between devices, the mean
differences were tested using a one-sample t-test and mean differences, standard error of
differences, p - values and 95% Confidence intervals reported. Analyses were performed
using IBM SPSS Statistics software version 22.0 and a significance level of p<0.05 was

considered statistically significant.

Results

Sample
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Sixty (30 females, 30 males) healthy participants were involved in this study. Table —4.1
displays the demographic characteristics; age, height, weight, body mass index, age-related

heart rate maximum, stratified by gender.

Concurrent Validity between ZB and FC-HR heart rate Variable:

Pearson’s correlation coefficients and mean differences between ZB and FC-HR heart rate
variables at rest ranged from 0.97 —0.99 and -0.60 — 0.02 respectively (Table — 4.2). During
the mCAFT, Pearson’s correlations ranged from 0.89 — 0.99 with the largest mean
difference of 13.51 and lowest mean difference of 0.62 between the ZB and FC-HR (Table
— 4.3). The highest mean differences were noted during the first minute of each stage. At
times [min : sec] 0:30 and 1:00 (mean differences; 13.51 and 7.72), times 3:30 and 4:00
(4.74 and 5.57), times 6:30 and7:00 (3.64 and 4.43), times 9:30 and 10:00 (3.75 and 3.62)
were recorded. Throughout the recovery period, Pearson’s correlations of 0.70 — 0.84 and
Mean differences of -0.54 — 2.52 were reported between the ZB and FC-HR devices (Table

—4.4).

Concurrent Validity between FC-HR vs. F-ONE Steps Taken and Energy Expenditure

variables:

During the mCAFT, Pearson’s correlation coefficients between the FC-HR and F-ONE
devices were 0.98 and 0.80 with mean differences of 79.43 and 39.13 for the steps taken
and energy expenditure variables respectively (Table — 4.5). The Pearson’s correlation

coefficients for these variables were not assessed at rest or throughout recovery.
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Inter-Device Levels of Agreement:

The average agreement bias of heart rate in pair-wise device comparison indicated mean
differences (95% Confidence Intervals) of -0.20 (-0.10 —-0.30), 4.00 (3.70 — 4.30) and 1.00
(0.55 — 1.45) at rest, during mCAFT and during recovery respectively (Table — 4.6). In
addition, the steps taken and energy expenditure comparisons yielded mean differences
(95% Confidence Intervals) of 79.40 (53.70 — 105.10) and 39.20 (34.00 — 44.40)
respectively (Table — 4.6). However, when assessing heart rate individual levels of
agreement, the Bland and Altman plots displayed wider (95% Limits of Agreement) for the
mMCAFT (48.40 — -40.30) and recovery (39.80 — -37.70) as compared to rest (5.20 —-5.7)

(Figures 4.1A —E).

Discussion

This study established that strong to very strong correlations can be expected in healthy
participants of different age groups when FC-HR device was concurrently compared with
ZB devices to assess physiologic measure of heart rate at rest, during the mCAFT and
throughout recovery. In addition, inter-instrument agreement measures of the devices
demonstrated small average mean biases.

We used the submaximal fitness test as the stressor, to cause physiologic changes after a
period of rest. The activity phase was followed by recovery, which was considered as

resumption to a resting phase. With inclusion of different phases and how measurements
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were taken across this study, we expect that transitioning through phases were considered
as unstable intervals, which would explain the highest heart rate discrepancy during the
first measure of submaximal testing. However, smaller mean heart rate difference between
FC-HR and ZB were observed as the testing progressed.

Heart rate monitoring has important implications and the use of physical activity monitors
to track and quantify number steps taken and cleric expenditures are common. Our study
was the first to establish the validity measures of FC-HR, therefore on comparable studies
were found. However, Pearson correlation coefficients and average mean differences for
heart rate corresponded well with previously reported validity measures of ZB against
electrocardiogram heart rate recordings at rest, during activity and recovery (Kim et al.,
2013; Flanagan et al., 2014; Gatti et al., 2014; Smith et al., 2014; Dolezal et al., 2014).
Pearson correlation coefficients for steps taken and energy expenditure in this study
concurred well with Takacs et al., 2013 and Diaz et al., 2015 studies of investigating the
validity measures of F-ONE steps taken and energy expenditures against gold standard
techniques of direct observations and metabolic system/indirect calorimeter respectively.
However, larger mean differences were reported in our study. And since in the two previous
studies F-ONE has been compared against gold standard measures and smaller mean
difference reported (Lee et al. 2014, Fergusson e al. 2015), it is reasonable to consider that
in our study FC-HR has over-estimated the total number of steps taken and energy
expenditures.

It is very rare to establish two identical results while measuring the same construct using

two different devices (Bland & Altman 1986). Such measurements always involve some
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degree of error. It is important to determine by how much the new device is likely to differ
from the old one and whether the devices can be used interchangeably. According to Bland
and Altman, computation of Pearson correlation coefficients to determine levels of
agreement is inappropriate (Bland & Altman 1986). Pearson correlation coefficient
assesses the linear relationship between two measures and is depended upon the range of
measures; assessment of wider ranges often yields in higher correlations (Bunce 2009).
Therefore, it is crucial to examine two aspects of agreement put forward by Bland and
Altman. In average agreement estimation, a common t-test of mean differences of subjects
against null hypothesis of no bias is conducted and 95% Confidence intervals reported as
mean difference £ 1.96 x standard error of differences, whereas individual agreement
calculations involve estimation of variability of differences and computation of 95% Limits
of Agreement (LoA) as mean difference + 1.96 x standard deviation of differences along
with plotting of Bland-Altman plots (Bunce 2009). In our study, small mean differences
and narrow confidence intervals indicated the presence of non-significant systematic
differences between the two devices when recording heart rate measures. The wider limits
of agreement during the mCAFT and subsequently throughout recovery could be due to
large variability within our study sample and because of the nature of mCAFT. Since
mMCAFT is a sub-maximal test, it requires participants to achieve their 85% age-predicted
maximum heart rates, therefore inclusion of participants ranging from 21 — 68 years of age
for both men and women, and with calculated 85% heart rate maximum ranging from
129.00 — 169 beats/min. for men, and 129.00 — 167.00 beats/min. for women, could have

contributed to these wider limits of agreement. However, following a period of proper
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acclimatization, and rest phase likely considered as a stable condition, where participants
did not have to achieve a specific age-related heart rate maximum, much narrower LoA
were reported.

Strengths of this study included the fact that we established the validity and agreement
parameters of FC-HR device during stable conditions and a standardised sub-maximal
fitness test. In addition, we sampled a large number of participants and included a diverse
age range and both genders. Despite this, limitations inherent in our approach and should
be considered when interpreting our findings. We did not evaluate the performance of FC-
HR against a gold standard (calibration). However, both the psychometric and agreement
parameters of the criterion measures used in our study have been reported in the literature,
and have been deemed as reliable and valid. We studied the validity and agreement
parameters of FC-HR during human performance and did not assess the responsiveness of
the device to accurately detect change when it has occurred. Future studies evaluating the
reliability and validity properties of FC-HR device in assessing physiological measures,
and longitudinal analysis to determine if the device will be responsive in clinical trails in

different patient populations, are recommended.

Conclusions:
The FC-HR device heart rate variable demonstrated strong to very strong correlations
when concurrently compared with ZB in a sample of sixty healthy male and female

participants of various age groups during a resting, standardized submaximal fitness and
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recovery phases. In addition, comparison of heart rate recordings between FC-HR and ZB

throughout these phases provided valuable information and possible interchangeable use.
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Table — 4.1 Demographics

Women (n = 30) Men (n = 30)
Mean SD Min Max Mean SD Min Max
Age (yrs.) 48.00 15.00 23.00 68.00 48.00 1500 21.00 68.00
Height (m) 170 005 1.60 1.77 1.78 0.06 1.68 1.88
Weight (kg) 69.00 11.00 50.00 100.00 79.00 850 64.00 97.00
Body Mass Index (kg/m?) 24.00 350 18.00 34.00 2500 230 20.00 31.00
HR-max Age-related 146.50 13.00 129.00 167.00 146.10 12.85 129.00 169.00
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Table 4.2 — Pearson’s Correlation coefficients between ZB and FC-HR heart rate

variables at Rest.

ZB vs. FC-HR Heart Rates

Measure Time ZB-M; and FC-HR-M; Mean Diff. Pearson’s
(min: sec) (bpm) Correlations
18t 0:30 71.32-71.92 -0.60 0.98™
2nd 1:00 71.62 - 72.00 -0.38 0.98™
3rd 1:30 71.67-71.72 -0.05 0.97™
4th 2:00 71.72-71.90 -0.18 0.98™
5th 2:30 71.30-71.33 -0.03 0.97"
6t 3:00 71.56 — 71.53 0.03 0.99"
7t 3:30 71.62-71.78 -0.16 0.98™
gth 4:00 71.50 - 71.95 -0.45 0.98™
gth 4:30 71.73-71.87 -0.14 0.98™
10t 5:00 71.35-71.67 -0.32 0.97™
11t 5:30 71.63-71.87 -0.24 0.98™
12th 6:00 71.67—-71.65 0.02 0.97™
13t 6:30 71.32-71.82 -0.50 0.98™
14th 7:00 71.48 —71.63 -0.15 0.98™
15t 7:30 71.35-71.63 -0.28 0.97"
16t 8:00 71.58 - 71.85 -0.27 0.98™
17t 8:30 71.85-71.92 -0.07 0.99™
18t 9:00 71.80—72.02 -0.22 0.98™
19th 9:30 71.55-72.00 -0.45 0.98™
20" 10:00 71.55-71.55 0 0.97™
**p< 0.05
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Table 4.3 — Pearson’s Correlation coefficients between ZB and FC-HR heart rate

variables during mCAFT.

** p< 0,05

ZB vs. FC-HR Heart Rates

Measure Time ZB-M; and FC-HR-M; Mean Diff. Pearson’s
(min: sec) (bpm) Correlations
1t 0:30 102.93 - 89.42 1351 0.89™
2nd 1:00 111.65-103.93 7.72 0.95™
3rd 1:30 118.42 - 114.63 3.79 0.98™
4th 2:00 120.87 — 119.45 1.42 0.96™
5th 2:30 122.95-121.20 1.75 0.98™
gt 3:00 124.65 - 122.63 2.02 0.98™
7t 3:30 114.88 - 110.14 4,74 0.96™
gth 4:00 124.35-118.78 5.57 0.97™
gth 4:30 128.47 — 124.22 4.25 0.98™
10t 5:00 130.33 -127.59 2.74 0.97™
11th 5:30 132.78 — 129.84 2.94 0.99™
12th 6:00 134.35 - 132.67 1.68 0.99™
13t 6:30 124.51 - 120.87 3.64 0.97™
14t 7:00 131.79 - 127.36 4.43 0.97™
15t 7:30 138.08 — 134.05 4.03 0.93™
16t 8:00 141.87 — 138.56 3.31 0.94™
17th 8:30 143.92 - 14151 241 0.96™
18t 9:00 146.62 — 144.00 2.62 0.95™
19th 9:30 128.63 — 124.88 3.75 0.99™
20" 10:00 139.00 — 135.38 3.62 0.99™
21% 10:30 145.38 — 143.00 2.38 0.99™
22nd 11:00 148.25 - 147.50 0.75 0.99™
23rd 11:30 149.88 — 149.38 0.50 0.99™
24t 12:00 151.50 — 150.88 0.62 0.99™
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Table 4.4 — Pearson’s Correlation coefficients between ZB and FC-HR heart rate

McMaster University

variables throughout Recovery.

** p< 0.05

Rehabilitation Science

ZB vs. FC-HR Heart Rates

Measure Time ZB-M; and FC-HR-M; Mean Diff. Pearson’s
(min: sec) (bpm) Correlations
1t 0:30 132.47 - 131.27 1.20 0.73™
2nd 1:00 113.02 - 113.78 -0.76 0.83"
3rd 1:30 103.28 — 103.82 -0.54 0.84™
4t 2:00 97.30-98.73 -1.43 0.83"
5th 2:30 95.55 — 95.00 0.55 0.80"
6t 3:00 91.30 - 90.07 1.23 0.70™
7th 3:30 90.07 — 88.40 1.67 0.80™
gth 4:00 89.95 -87.37 2.58 0.76™
gth 4:30 86.90 — 85.90 1.00 0.81™
10t 5:00 86.93 — 85.93 1.00 0.81™
11t 5:30 86.27 — 84.92 1.35 0.75™
12th 6:00 86.07 — 83.55 2.52 0.71™
13t 6:30 85.05 - 84.33 0.72 0.82™
14t 7:00 85.82 - 83.73 2.09 0.71™
15t 7:30 84.63 - 83.20 1.43 0.71™
16t 8:00 84.75 —83.52 1.23 0.75™
17t 8:30 83.97 - 83.05 0.92 0.71™
18t 9:00 83.83-82.95 0.88 0.70™
19th 9:30 82.60 — 81.59 1.01 0.70™
20" 10:00 82.77-80.72 2.05 0.78™
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Table 4.5 — Pearson’s Correlation coefficients between FC-HR and FB-ONE Steps

Taken and Energy Expenditure variables during mCAFT.

FC-HR vs. FB-ONE - Steps Taken and Energy Expenditure

Variable FC-HR-M; and FB-ONE-M, Mean Diff. Pearson’s Correlation
Steps Taken 898.80 — 819.37 79.43 0.98™
Energy Expenditure 131.18 - 92.05 39.13 0.80™
*x p< 0,05
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Table — 4.6 One Sample t-test of Mean Difference - FC-HR vs. Adopted Measures.

T-test of Difference Mean diff. Std. Error of Mean 95% C |
ZB vs. FC-HR - Rest -0.20** 0.05 -0.10--0.30
ZB vs. FC-HR - mCAFT 4.00** 0.16 3.70-4.30
ZB vs. FC-HR - Recovery 1.00** 0.23 0.55-1.45
FC-HR vs. F-ONE - ST 79.40** 13.11 53.70 - 105.10
FC-HR vs. F-ONE - EE 39.20** 2.66 34.00 — 44.40

** < 0.05
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Figures — 4.1 A-B. Bland Altman plots displaying 95% LO0A in pair-wise device

comparison.
A
6 +1.96 SD
é, al 52
;2|
l oL 0GB . g o > %0 Roc Mean
ﬁ - et , 05
% -2
= -1.96 SD
6 5.7
-8 | ] . ] 1 1 . ]
50 60 70 80 90 100
Mean HR_Rest - ZB vs. FC-HR
B
60 |-
E 40 |- 48.4
N 20}
E M e s _— —_— Mean
-EJ 0 - LA A M A [ :,jj.~4- o Rl N 40
e I
"y
g -20
R
a .40 -1.96 SD
_ -40.3
'60 | , 1

| . | . | . | L |
100 110 120 130 140 150 160
Mean HR_mCAFT - ZB vs. FC-HR

140



MSc. Thesis — G. Nazari

McMaster University Rehabilitation Science

Figures — 4.1 C-D. Bland Altman plots displaying 95% LoA in pair-wise device

comparison.
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Figures — 4.1 E. Bland Altman plots displaying 95% LoA in pair-wise device

comparison.
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CHAPTER 5: DISCUSSION/CONCLUDING REMARKS
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This thesis focused on establishing the psychometric and agreement parameters of
Zephyr Bioharness (ZB) and Fitbit Charge Heart Rate (FC-HR) wearable physiological
monitoring devices. The narrative literature synthesis work conducted on measurement
properties of these devices displayed the current existing gaps in the literature regarding
the reliability, validity, responsiveness and agreement parameters of ZB and FC-HR
devices. Based upon this extensive review, we sampled a large number of participants that
included a diverse age range and both genders. We then first addressed the reliability
parameters of ZB and FC-HR, and then established the validity and agreement parameters
of FC-HR in three distinct phases that also include a sub-maximal fitness test.

This thesis established that excellent reliability measures and strong to very strong
correlations can be expected among healthy male and female individuals across various age
groups, when using ZB and FC-HR to assess both heart rate and physical activity measures
at rest, during the Modified Canadian Aerobic Fitness Test (nCAFT) and throughout
recovery. Furthermore, FC-HR and ZB inter-instrument agreement measures of heart rate
also demonstrated small average mean biases.

In interpreting our reliability and cross instrument agreement parameters, it is
important to consider the context of our study, how measurements were taken, the large
variability within our sample, and the nature of the submaximal fitness test used to cause
physiologic changes. We divided our studies into three distinct phases to establish the intra-
session reliability (consistency) of ZB and FC-HR not just at rest, but also during a sub-
maximal activity (MCAFT exercise test), and throughout recovery following cessation of

the test. We expected lower ICCs and larger SEM and mean differences during the
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transitioning phases of rest to activity and activity to rest, because reliability measures
should be assessed during stable conditions and that reliability of a device under unstable
conditions would yield lower values. However, the mCAFT administered was a
progressively demanding sub-maximal stepping test where the stepping cadence gradually
increased as the testing progressed. This steady increase in testing intensity might have
contributed to to higher ICCs and lower heart rate mean differences throughout the activity
phase of this study. Therefore, our higher and lower reliability measures in more stable and
during the times of transition respectively, were both expected and reflects the context of
our testing.

While it might be considered a limitation of our reliability study that we actually
included phases where we anticipated a lack of stability, this was an inherent to our
intention to study the use of devices during a submaximal test. We thought testing in this
context was important since submaximal fitness testing can be a valuable aid in physical
therapy practice. While we might have all excluded data in periods of the testing where we
expected a lack of stability, there is a large inter-subject in these parameters and there was
no way to define these a priori. Rather we felt better to evaluate all data, with consideration
to the anticipated stability of the activity during which the data was collected. This allowed
us to better understand physiological responses during the test itself.

In assessing cross instrument individual agreement parameters between the FC-HR
and ZB heart rate measures, small mean differences but wider limits of agreement were
observed during the sub-maximal testing and recovery phases. We sampled participants

ranging in age from 21 — 68 years and used the mCAFT which requires participants to
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achieve their 85% of age related maximum heart rates to terminate the testing. Therefore,
the large variability and nature of mCAFT testing could have contributed to these wider
individual limits of agreement.

There are many potential applications for wearable sensors in physical therapy
practice. Physical therapists prescribe exercise or activity in different contexts including
health promotion where the goal is to increase overall physical activity and exercise, to
therapeutic exercise where the goal is remediation of impairments. Further, since physical
therapists are increasingly confronted with patient populations with comorbid health
problems that require exercise, physiological monitoring for safety reasons is also an
important application. Since physical therapists frequently engage in assessment of
movement and prescription of activity and exercise, these devices have substantial
implications for physical therapy practice. It might be anticipated that better monitoring
would allow physiotherapists to more accurately assess physiological status and response
to exercise in a way that would allow for better diagnosis and progression of exercise
interventions. There is evidence suggesting that monitoring improve the adherence.
Adherence to exercise or physical therapy home programs is a substantial issue in
optimizing the effectiveness of physical therapy. While there are many potential
applications for these devices in physical therapy and there is emerging evidence that
supports the use of these devices, much research will be needed before the full range of
potential applications can be fully elucidated in the literature.

The strengths of this thesis included that fact that we established the psychometric

and agreement properties of multiple devices at stable and progressive sub-maximal

146



MSc. Thesis — G. Nazari McMaster University Rehabilitation Science

conditions, and sampled male and female participants with a diverse age range. Despite
this, in our reliability study, we did not address ahead of time that lower reliability measures
would be expected during the transitioning phases. However, it would be extremely
difficult to establish the exact steady-state within the sub-maximal and recovery phases.
We also did not assess the performance of FC-HR measures with gold standard
(calibration), but rather used previously established reliable and valid devices with good
agreements parameters with gold standard measures.

We studied the reliability, validity and agreement properties of ZB and FC-HR
devices during human performance in healthy participants, however, did not establish these
parameters in any specific patient population. Future studies assessing both the
psychometric and agreement parameters of the two devices in different patient populations
or in various occupational contexts are warranted. This is particularly important in physical
therapy practice where it is more common to be managing patient populations, then primary
prevention in clients without pathology.

An important distinction when conducting studies on wearable technologies is the
difference between the reliability and validity of the devices and their component sensors
versus the reliability and validity of the data from patient protocols. While there is some
interdependence between these two characteristics, one does not necessarily guarantee the
other. A sensor may provide reliable data on a patient test protocol without actually
reflecting the true physiological measure that it is intended to do due to technical limitations
in the sensors. Conversely, a sensor may have the capacity to provide reliable and valid

data, but if the protocol by which the device is used for testing is not appropriate or
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consistent, these measurement properties will not be achieved in the patient testing
protocol. This thesis focused on the reliability and validity of wearable technologies in the
patient testing protocol. Since the devices were not calibrated against a gold standard to
determine their criterion validity, we are unable to confirm the ability to accurately measure
physiological property, or to compare different devices in this regard.

Our study findings have significant implications in the field of continuous heart rate
monitoring. By establishing the reliability and validity measures of ZB and FC-HR
monitoring devices, researchers could obtain more consistent and accurate real-time field-
based wireless measures of heart rate using small, portable and less costly devices,
throughout both stable and sub-maximal conditions. Furthermore, assessing the agreement
parameters between FC-HR and ZB heart rate measures, provided information regarding a
possible the interchangeable use.

In conclusion, this thesis adds to the existing pool of literature regarding the
psychometric and agreement parameters of wearable devices in motoring of physiologic

measures.
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Appendix — A: Sample Size Calculation for Relative Reliability Hypothesis Testing:

05k (Z, +Z,)?
= (2o 'B)+2

" 5% (k-1)

» Number of occasions, k=2

» Zo is the tabled Z-value associated with the a value of interest. Z-value (1-tailed)
for of 0.05 is equal to 1.645

» Zpis the Z-value associated with a Type Il error. The Z-value (1-tailed) for 3 of
0.20 is equal to 0.842.

> 0 is the difference between null hypothesis Z transformed R-value and the

expected Z transformed R-value.

0= ZRexpected - Zgoul
> Zr-expected IS the Z value associated with the reliability you hope to obtain in your
study,

1+(k-1)R

expected

Z = .5natural log

Rexpected
- expected

> Zr-1ower limit 1S the lower confidence limit for the desired confidence interval width.

1+ (k - 1) R lowerlimit

Z = .5 natural log

Rlowerlimi t —

lowerlimit

149



MSc. Thesis — G. Nazari McMaster University

Calculations:

Step 1:
1+(2-1)0.90

Z pexpeces = -0 NAtural log 1.0.90

Z =1.47

Rexpected

Step 2:

Riowerlimit = 0.90-0.10
Riowerlimit = 0.80

Step 3:

1+(2-1)0.80

Z = .5natural lo
Rnull g 1-0.80

Zo.., =1.09

Step 4:
0=147-1.09=0.38

8?=0.38°=0.14

Rehabilitation Science
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Step 5:
05k (Z +2,)?
n= ( d ﬂ) +2
5% (k-1)

_05(2) (1645+0842)°
(0.14) (2-1)

n=46 patients

Step 6:
Estimating a 20% rate of expected drop out:

n= 46 =575
0.80

A sample size of 60 participants will be required.

Rehabilitation Science
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Appendix — B: Participant Information Sheet and Consent Form

(TR

PARTICIPANT INFORMATION SHEET

Title of Study: The use of Zephyr Bioharness to determine
the physiological changes, and to establish
the psychometric properties of Fitbit Charge
Heart Rate, in healthy participants during the
modified Canadian Aerobic Fitness Test.

Local Principal Investigator: Dr. Joy MacDermid, PhD, McMaster
University.

Principal Investigator: Mr. Goris Nazari, PT, MSc (C), School of
Rehabilitation Science McMaster University.

You are being invited to participate in a research study led by Mr. Goris Nazari
and Drs. Joy MacDermid & Kathryn Sinden.

In order to decide whether or not you want to be a part of this research study, you
should understand what is involved and the potential risks and benefits. This form
gives detailed information about the research study. Please take your time to
make your decision. Feel free to discuss it with your friends, family, and
healthcare providers.

152



MSc. Thesis — G. Nazari McMaster University Rehabilitation Science

WHY IS THIS RESEARCH BEING DONE?

It is important to obtain accurate heart rates and breathing rates of health
individuals as well as patients at home or in a hospital setting. The traditional
manual pulse palpation for heart rate and directly observing the number of breaths
per minute for breathing rate recordings have been considered to be not suitable.

Similarly monitoring the number of steps taken and the amount of energy
expended are both beneficial in terms of measuring ones physical activity levels
since physical inactivity and obesity both impose a major burden on the Canadian
health care system.

WHAT IS THE PURPOSE OF THE STUDY?

1-To record the participants’ heart rate and breathing rate during a stair climbing
activity using a device called Zephyr Bioharness. The Zephyr BioHarness is a
U.S. FDA-approved wireless monitoring device that records a one’s heart rate
and breathing rate. The Zephyr Bioharness consists of an adjustable chest belt
with grey colored sensors and an electronic BioModule that snaps on to the belt.
The device is fitted comfortably on the chest at the lower sternum for both men
and women and weighs 85grams.

2-To record participants’ the heart rate, number of steps taken and total amount of
energy expended using the Fitbit Charge Heart Rate and Fitbit-One devices during
a stair climbing activity. Fitbit Charge Heart Rate (Fitbit Inc., San Francisco, CA) is
a wristband made of a flexible material which would fit wrists 13.7 to 22.1 cm. It
includes a heart rate monitor and an accelerometer to provide number of step
counts and the total amount of energy expended. The device is sweat, rain and
splash proof. Fitbit One (Fitbit Inc., San Francisco, CA) is a small and lightweight
advanced accelerometry-based device which can be worn in the front pocket of
shorts and it tracks physical activity. Its physical activity recording features include;
number of steps taken and energy expenditure.

WHAT WILL MY RESPONSIBILITIES BE IF I TAKE PART IN THE STUDY?
If you volunteer to participate in study, you will be asked to schedule two

sessions and come in to the MacHand Lab - 310A, Institute of Applied Health
Sciences Building, 72 hours (three days) apart.

During your first visit
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A-You will be asked to complete the followings:

1) Sign a Consent Form,
2) Physical Activity Readiness Questionnaire,

B-Asked to go through the Screening procedures for recording of:

1) Resting Heart Rate,

2) Resting Blood Pressure,
3) Height (m),

4) Weight (kg),

C-Fitting of Zephyr and Fitbit devices:

1) Zephyr device: The device will be fitted comfortably on the chest at the lower
sternum (xiphoid process) for both men and women and weighs 85-grams.

2) Fitbit Charge Heart Rate: This wristband will be fitted on each participants’
right wrist.

3) Fitbit-One: This device will be worn in the front pocket of each participants’
shorts.

D- You will be familiarized with the Modified Canadian Aerobic Fithess Test.

E-The Modified Canadian Aerobic Fitness Test will be administered.

During you second visit

A-Asked to go through the Screening procedures for recording of:

1) Resting Heart Rate,
2) Resting Blood Pressure,

B-Fitting of Zephyr and Fitbit devices:

1) Zephyr device: The device will be fitted comfortably on the chest at the lower
sternum (xiphoid process) for both men and women and weighs 85-grams.

2) Fitbit Charge Heart Rate: This wristband will be fitted on each participants’
right wrist.

3) Fitbit-One: This device will be worn in the front pocket of each participants’
shorts.
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C-The Modified Canadian Aerobic Fitness Test will be administered.

WHAT ARE THE POSSIBLE RISKS AND DISCOMFORTS?

The Zephyr Bioharness chest strap and Fitbit Charge Heart Rate wrist band may
feel uncomfortable while performing the modified Canadian Aerobic Fitness Test.
However, the principal investigator will ask for each participant’s feedback and
adjust the chest strap and the wristband accordingly.

The testing procedures will be very similar to what you do on daily basis which is
simple stair climbing, however it will be more challenging and you will experience
a normal increase of heart rate and breathing rate while performing the test. This
will be considered normal. The total testing duration will be for less than twelve
minutes with approximately three one-minute rest periods. Once the test is
completed, you will be asked to walk around the room for two minutes and then
asked to be seated and your resting heart rate will be recorded at 2:30, 3:30 and
4:30 minutes, post- step test termination to ensure that the your heart rates drops
below 100 beats per minute before you leave the testing site.

Therefore, it is very unlikely that you will have any difficulties or get hurt when doing
this test. If a problem occurs during the study protocol, standard emergency
response procedures will be invoked and implemented.

HOW MANY PEOPLE WILL BE IN THE STUDY?

There will be a total of 60 participants.

WHAT ARE THE POSSIBLE BENEFITS FOR ME AND/OR FOR SOCIETY?

We cannot promise any personal benefits to you from your participation in this
study. We hope to learn more about wireless monitoring of heart rate, breathing
and physical activity levels. However the results of this study may benefit society
and the scientific community by developing a reliable and valid tool that may help
monitor heart rate, breathing rate and physical activity levels in the hospital,
athletic and recreational settings.

WHAT INFORMATION WILL BE KEPT PRIVATE?
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You are participating in this study confidentially. | will not use your name or any
information that would allow you to be identified. No one but me and the research
coordinator will know whether you participated unless you choose to tell them.
Every effort will be made to protect your confidentiality and privacy. The
information you provide will be kept in a locked cabinet where only | and the
research coordinator will have access to it. Once the study is complete, an
archive of the data, without identifying information, will be deposited.

For the purposes of ensuring the proper monitoring of the research study, it is
possible that a member of the Hamilton Integrated Research Ethics Board may
consult your research data. However, no records which identify you by name or
initials will be allowed to leave the University. By signing this consent form, you or
your legally acceptable representative authorize such access.

If the results of the study are published, your name will not be used and no
information that discloses your identity will be released or published without your
specific consent to the disclosure.

CAN PARTICIPATION IN THE STUDY END EARLY?

If you volunteer to be in this study, you may withdraw at any time. You have the
option of removing your data from the study. You may also refuse to answer any
questions you don’t want to answer and still remain in the study. The investigator
may withdraw you from this research if circumstances arise which warrant doing
so.

WILL | BE PAID TO PARTICIPATE IN THE STUDY?

You will only be reimbursed for your parking expenses when you come for your

lab visits.
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WILL THERE BE ANY COSTS?

There are no costs associated with this study.

WHAT HAPPENS IF | HAVE A RESEARCH-RELATED INJURY?

If you are injured as a direct result of taking part in this study, all necessary medical
treatment will be made available to you at no cost. Financial compensation for such
things as lost wages, disability or discomfort due to this type of injury is not routinely
available.

However, if you sign this consent form it does not mean that you waive any legal
rights you may have under the law, nor does it mean that you are releasing the
investigator(s), institution(s) and/or sponsor(s) from their legal and professional
responsibilities.

IF 1 HAVE ANY QUESTIONS OR PROBLEMS, WHOM CAN | CALL?

If you have any questions about the research now or later, please contact:

Principal Investigator: Mr. Goris Nazari

Cell Phone: 905-923-0748 or E-mail: nazarigs@mcmaster.ca

Local Principal Investigator: Dr. Joy MacDermid
Phone: 905-525-9140 ext. 22524 or E-mail: macderj@mcmaster.ca

This study has been reviewed by the Hamilton Integrated Research Ethics Board
(HIREB). The HIREB is responsible for ensuring that participants are informed of
the risks associated with the research, and that participants are free to decide if
participation is right for them. If you have any questions about your rights as a
research participant, please call the Office of the Chair, Hamilton Integrated
Research Ethics Board at 905.521.2100 x 42013.
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CONSENT STATEMENT

Participant:

| have read the preceding information thoroughly. | have had an opportunity
to ask questions and all of my questions have been answered to my
satisfaction. | agree to participate in this study. | may withdraw from the
study at any time.l understand that | will receive a signed copy of this form.

Name Signature Date

Person obtaining consent:

| have discussed this study in detail with the participant. | believe the
participant understands what is involved in this study.

Name, Role in Study Signature Date
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Contact for Future Research Project Opportunities

| agree to be contacted about future research and

| understand that | can always decline the request. Yes No

Please contact me at:

Name of Participant (Printed) Signature Date
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Appendix — C: Physical Activity Readiness Questionnaire (PAR-Q)

Physical Activity Rsadinsss
{Questionnairs - FAR-Q ]
[rewised 2002)

(A Questionnaire for People Aged 15 to 69)

Regular physical activity is fun and healthy, and increasingly more people are starting to become more active every day. Being more active is very safe for most
people. However, some people should check with their doctor before they start becoming much more physically active.

If you are planning to become much more physically active than you are now, start by answering the seven questions in the bax below If you are between the
ages of 15 and 69, the PAR-Q will tell you if you should check with your doctor before you start. If you are over 69 years of age, and you are not used to being
very active, check with your doctor.

(Common sense is your best guide when you answer these questions. Please read the questions carefully and answer each one honestly: check YES or NO.

HO

Has your doctor ever said that you have a heart condition and that you should only do physical activity
recommended by a doctor?

Do you feel pain in your chest when you do physical activity?
In the past month, have you had chest pain when you were not doing physical activity?
Do you lose your balance because of dizziness or do you ever lose consciousness?

Do you have a bone or joint problem (for example, back, knee or hip) that could be made worse by a
change in your physical activity?

6. Iz your doctor currently prescribing drugs (for example, water pillz) for your blood pressure or heart con-
dition?

7. Do you know of any other reazon why you should not do physical activity?

O O OOooOd Og
O 0O Ooooog O

.
If YES to one or more questions

Talk with your doctor by phone or in persan BEFORE you start becoming much more physically active or BEFORE you have a fitness appraisal. Tell
yuu your dactor about the PAR-Q and which questions you answered YES.

* You may be able to do any activity you want — &s long as you start slowly and build up gradually. Or, you may need to restrict your activities 10
those which are safe for you. Talk with your doctor about the kinds of activities you wish to partici in and follow his/her advice.
answered ! . Jou N o partcpete

* Find out which community programs are safe and helpful for you.

DELAY BECOMING MUCH MORE ACTIVE:

+ if you are naot feeling well because of a temporary illness such as
a cold or a fever — wait until you feel better; or

+ if you are or may be pregnant — talk to your doctor before you
start becoming more active.

NO to all questions

It you answered MO honestly to all PAR-Q questions, you can be reasonably sure that you can:
= start becoming much more physically active — begin slowly and build up gradually This is the
safest and easiest way to go.

= take part in a finess appraisal — this is an excellent way to determine your basic fitness so
that you can plan the best way for you to live actively. It is also highly recommended that you
have your blood pressure evaluated. If your reading is over 14494, talk with your doctor
before you start becoming much more physically active_

PLEASE MOTE: If your health changes so that you then answer YES to
any of the above questions, tell your fitness or health professional.
Ask whether you should change your physical activity plan.

Informead Use of the PAR-G The Canadian Socisty for Exsrcise Physichogy, Health Canada, and their agsnts assume no lability for psrsons who undertake physical activit, and i in doubt after complsting
this quastionnaire, consul your docior prior to physacal adiniy.

No changes permitted. You are encouraged to photocopy the PAR-Q but only if you use the entire form.

NOTE: I the PAR-Q is being grvan to a person bafore he or she particpates in a physical adity program or & fitness apprarsal, this section may be usad for bagal or administrative purpases.
"l have read, understood and completed this questionnaire. Any questions | had were answered to my full satisfaction.”

NAME
SIGNATURE DATE
SIGNATURE OF PARENT WITHESS

ar GUARDIAN [for partidpants under the age of majority)

MNote: Thiz physical activity clearance iz valid for a maximum of 12 months from the date it is completed and
becomes invalid if your condition changes so that you would answer YES to any of the seven questions.

#I:SE”%EP‘F (@ Canadian Socisty for Exercse Physwology wweicsep.cafforms
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Appendix — D: Critical Appraisal of Study Design for Psychometric Articles: Evaluation

Form
Evaluation Criteria Score

Study question 110

1 Was the relevant background research cited to define what is currently known about
the psychometric properties of the measures under study and the need or potential
contributions of the current research question?

Study design

2 Were appropriate inclusion/exclusion criteria defined?

3 Were specific psychometric hypotheses identified?

4 Was an appropriate scope of psychometric properties considered?

5 Was an appropriate sample size used?

6 Was appropriate retention/follow-up obtained? (Studies involving retesting or follow-
up only)

Measurements

7 Documentation: Were specific descriptions provided or referenced that explain the
measures and their correct application/interpretation (to a standard that would allow
replication)?

8 Standardized methods: Were administration and application of measurement
techniques within the study standardized, and did they consider potential sources of
error/misinterpretation?

Analyses

9 Were analyses conducted for each specific hypothesis or purpose?

10 Were appropriate statistical tests conducted to obtain point estimates of the
psychometric property?

11 Were appropriate ancillary analyses done to describe properties beyond the point
estimates (confidence intervals [CI], benchmark comparisons, standard error of
measurement [SEM], minimally important difference [MID])?

Recommendations

12 Were the conclusions/clinical recommendations supported by the study objectives,
analysis, and results?

Subtotal (of columns 1 & 2)

Total score % (sum of subtotals/24 x 100), or, if for a specific paper an item is deemed

inappropriate, then sum items, divide by 2 times the number of items, and multiply by 100 to get

the percentage score.
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Appendix — E: Preliminary Participation Instruction Form

Preliminary Participant Instructions

Title of Study: The use of Zephyr Bioharness to determine
the physiological changes, and to establish
the psychometric properties of Fitbit Charge
Heart Rate, in healthy participants during the
modified Canadian Aerobic Fitness Test.

Local Principal Investigator: Dr. Joy MacDermid, PT, PhD, School of
Rehabilitation Science McMaster University.

Principal Investigator: Mr. Goris Nazari, PT, MSc (C), School of
Rehabilitation Science McMaster University.

Please adhere to the following instructions prior to your sessions:

» Dress requirements: Shorts and short-sleeved or sleeveless shirt should be worn.
Running shoes are the recommended footwear. The Zephyr Bioharness chest strap
will be placed next to the skin on the chest at the lower sternum (Xiphoid process)
under sport bras or athletic tops. The FitBit Charge Heart Rate will be worn on your
right wrist and Fitbit-One will be clipped on to the front pocket of your shorts.

» Food and Beverages: Do not eat for at least two hours prior to your appraisal. Also
refrain from drinking caffeine beverages for two hours and alcoholic drinks for six
hours prior to the appraisal.

» Smoking: Do not smoke during the two hours prior to the appraisal.

» Physical Activity: Strenuous physical activity should be avoided for six hours prior to
the appraisal.
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