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ARTICLE INFO ABSTRACT
Keywords: Background: Children and young people with cystic fibrosis (CYPWCF) are encouraged to do an average of 60 min
Children and young people of moderate-to-vigorous physical activity (MVPA) daily. However, there are no agreed heart rate (HR) thresholds

Cystic fibrosis
Moderate-to-vigorous physical activity
Activity tracker

for defining MVPA, so it is difficult to ascertain whether these targets are actually achieved. Wearable activity
trackers enable continuous monitoring of fitness-related measures such as HR and could be used to measure
Heart rate threshold duration and intensity of habitual MVPA. We aimed to define personalized and responsive MVPA thresholds from
Linear mixed-effects model HR in CYPWCF, to determine habitual time spent in MVPA during childhood and adolescence.

Reference equation Methods: Continuous daily HR data were collected from 142 CYPwCF wearing activity trackers over 16 months.
Linear mixed-effects models were used to develop personalised estimates of resting heart rate (RHR), peak heart
rate (PHR) and MVPA thresholds, which were defined using the American College of Sports Medicine heart rate
reserve (HRR) method.

Results: 309,926 days of physical activity data showed that both RHR and PHR declined with age in CYPWCF,
with considerable variability within and between individuals. The HRR method produced personalised MVPA
thresholds for each CYPwCF based on age, which inherently accounted for individual demographic variability
and personal factors such as cardiovascular fitness or disease severity.

Conclusions: By accounting for within and between person variability in RHR and PHR, our novel method pro-
vides more accurate age-related personalised MVPA thresholds for CYPwCF than existing estimates. Our findings
provide population-based estimates for RHR, PHR and MVPA thresholds at different ages in CYPwCF. This
approach may help guide development of international standards for objective MVPA measurement in the era of
remote HR and activity monitoring and facilitate accurate measurement of habitual physical activity in children
and young people.

1. Introduction conditions such as cystic fibrosis (CF). However, there are no agreed
standards on what heart rate (HR) threshold constitutes moderate

The World Health Organization (WHO) recommends that children physical activity, so it is difficult to ascertain whether daily MVPA tar-
and young people (CYP) between the ages of 5 and 17 years achieve a gets have been achieved. Self-reported MVPA is not reliable in CYP
daily average of 60 min of moderate-to-vigorous physical activity [2-4], whereas wearable activity trackers, which enable continuous
(MVPA) [1]. This recommendation includes those with chronic lung monitoring of fitness-related measures such as HR, have potential for
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evaluating duration and intensity of daily MVPA to provide more
objective estimates of habitual physical activity.

There remain a number of challenges to using HR data from wearable
devices for quantifying MVPA in CYP, including those with chronic
health conditions such as CF. Firstly, HR thresholds for defining MVPA
in CYP remain unclear and conflicting in the literature [5-7] (Table 1,
Fig. 1D). Published options variously define MVPA threshold as HR
exceeding 120 bpm [5], or 70% of PHR [7] or 40% of HRR [8]. These are
very different and all result in substantially different assessments of
daily MVPA in individuals. Efforts to benchmark habitual activity
against WHO recommendations are not possible because of this lack of
standardisation.

Secondly, age dependent algorithms for defining MVPA threshold in
adults (Table 1), have been derived from adult HR data only and are not
appropriate for CYP, as normal HR ranges in childhood differ from
adults (note adult MVPA threshold equations in Fig. 1D for context). In
addition, both RHR and PHR decline with age during childhood, so fixed
MVPA thresholds such as that offered by Riddoch [5,6] risk age bias in
estimating MVPA.

Finally, age dependent MVPA algorithms and fixed thresholds do not
account for differences in cardiovascular fitness or clinical circum-
stances. This means that all CYP of the same age are assumed to be
exercising ‘moderately’ if their HR is ~125bpm. In reality, a decondi-
tioned 8-year-old child with significant lung disease (RHR: 90) may
experience a 3-minute step test as an extremely vigorous activity, with
HR responses to match, while a fit healthy 8-year-old (RHR: 70) may not
find it very tiring at all. Therefore, any estimation of ‘time in MVPA’ per
day from HR must account for individual differences in age, fitness,
clinical circumstances and other factors that affect the experience of
physical exertion. In other words, MVPA thresholds should be both
personalised and responsive to age and physical changes over time.

The American College of Sports Medicine (ACSM) offers personalised
calculation of MVPA thresholds in adults as a percentage of the differ-
ence between Resting Heart Rate (RHR) and Peak Heart Rate (PHR),
called the Heart Rate Reserve (HRR) method. This provides the potential
to provide more accurate personalised estimates of MVPA, since it does
not rely on age alone [8]. Both RHR and PHR change as a function of age
as well as fitness and clinical circumstances, so these equations would
inherently ‘express’ the body’s physiological adaptations to age, illness
or training within the MVPA threshold that is derived from them. The
HRR is therefore likely to be the most appropriate approach for evalu-
ating habitual physical activity or exercise over time in populations of
CYP with long term clinical conditions, where all these factors come into

Table 1
Summary of commonly used methods for calculating MVPA threshold.
Author, Year Population PHR MVPA Threshold
Calculation Calculation
Fox et al., 1971 [9] Adults (220 - Age) HR > (220 - Age) x
0.5 *
Tanaka et al., 2001 Adults (208 - (0.7 x HR > (208 - (0.7 x
[10] (Healthy) Age)) Age)) x 0.5 *
ACSM, 2014 [8] Adults - PHR Method: HR >
PHR x 0.64
HRR Method:
HR > (PHR - RHR) x
0.4 + RHR
Riddoch and Children - HR > 120 bpm
Boreham, 1995 [5,
6]
Swisher et al., 2015 Adults and - HR > PHR x 0.7
[7] Children

" The calculations are based on the HR zones proposed by the Centers for
Disease Control and Prevention (CDC). An adult’s HR should be at least 50% of
their age-related PHR to be considered MVPA [11]. PHR= Peak heart rate;
MVPA=Moderate to vigorous physical activity; HR=Heart rate; ACSM=The
American College of Sports Medicine, RHR= Resting heart rate.
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play and influence physical activity to a greater or lesser extent [9,10,
12].

Obtaining regular or continuous measurements of RHR and PHR in
CYP is not trivial, and normative datasets do not currently exist. In
particular, RHR data are not freely available in CYP, partly because any
measures taken in clinical or research settings are likely to result in
anxiety and elevated RHR readings, adding to the challenge of using the
HRR method for defining MVPA in CYP.

This study aimed to utilise real-world longitudinal HR data from
CYPwCF who: a) wore a Fitbit activity tracker regularly over a 16month
period and b) had PHR data from a 25-level 10-metre modified shuttle
walk/run test (10mMST-25) at the beginning of the study to:

1. Calculate individualised MVPA thresholds in CYPwCF, using the
ACSM HRR method

2. Define population-based estimates of RHR, PHR and MVPA thresh-
olds at different ages, so that these might be used as a benchmark by
others in the absence of continuous HR data

3. Describe a method for determining habitual time spent in MVPA
during childhood and adolescence from HR data, to improve rigour
and standardisation in future

2. Methods
2.1. Study population

Project Fizzyo was a longitudinal observational paediatric cohort
study, conducted in the United Kingdom. Recruited participants were:
(1) aged 6-16 years, (2) diagnosed with CF and (3) under the care of a
participating London paediatric CF centre (Great Ormond Street Hos-
pital (GOSH), the Royal London Hospital (RLH) or the Royal Brompton
Hospital (RBH)). Participants were asked to wear a Fitbit Alta HR ac-
tivity tracker (San Francisco, USA) over a period of 16 months [13].
Children < 6 years were not recruited because they could not reliably
undertake the 10mMST-25 exercise test, and the Fitbit Alta did not have
wrist straps compatible with very small wrist sizes. Because of the
extended study period, there was concern that older participants might
transition to an adult CF care centre during the study, so the oldest re-
cruits were 16 years of age (during the 16-month study period they also
contributed RHR data as 17-year-olds).

Project Fizzyo aimed to evaluate patterns and impact of daily
habitual physical activity via remote monitoring. The study was
approved by the London-Brighton and Sussex NHS Research Ethics
Committee (18/L0O/1038, IRAS: 228,625). Participants were recruited
between September 2018 and July 2019. Participants and/or their
guardians provided informed consent.

2.2. Data processing

To evaluate patterns of physical activity, raw HR values were
extracted from Fitbit and a data processing pipeline was developed in R
for cleaning and featurising data. Fitbit sampling frequency varied be-
tween 6 and 30 times per minute based on intensity of physical activity;
therefore, raw HR values were averaged per minute every day. A daily
RHR was calculated per participant as the average of the 5 lowest HR
values (mean HR per minute) during waking hours [14,15]. The time
window was restricted to waking hours as low HR during sleep can cause
underestimation of RHR and therefore the MVPA threshold. There is a
clear circadian rhythm in HR, and while true RHR occurs during sleep,
definitions of RHR used for equations such as the ACSM HRR method for
calculating MVPA usually refer to individuals being awake but at rest
and inactive.

All participants completed a 25-level 10-metre modified shuttle
walk/run test (10mMST-25) as a test of maximal exercise capacity at
recruitment [16,17]. It is an easily accessible, standardised, low cost,
reliable and validated field test, requiring no specialist equipment or
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staffing. It has the potential to extract a near maximal physical effort
from participants and can produce reliable PHR values. In addition, 78
participants completed a second 10mMST-25 between 7 and 9 months
later. The study period coincided with the Covid-19 pandemic which
precluded a second test in around half of the participants. No CYPwCF
were able to complete all 25 levels of the 10mMST-25.

Participants wore their Fitbit and a chest-worn Polar H10 single-lead
ECG monitor during each 10mMST-25. Consistent with previous studies,
Fitbit data tended to underestimate HR during strenuous activity in
comparison to the HR values recorded by ECG devices [18-21], there-
fore PHR data from the Polar HR monitor during all 10mMST-25 were
used in the analyses. Only PHR measurements indicating a valid
near-maximal effort (PHR>180 bpm) in the 10mMST-25 field exercise
test were included to ensure acceptable levels of effort from participants.
This resulted in exclusion of 22 of the 220 PHR measurements from the
analysis (10%).

Linear mixed effects regression (LMER) models, which account for
repeated measures within participants, were used to derive the equa-
tions for PHR and RHR using the lIme4 package in R 3.6 [22]. Participant
age was modelled as a fixed effect, ID and age were modelled as random
effects (random intercept and slope). The final model was selected based
on the smallest Akaike Information Criteria (AIC) and Bayesian Infor-
mation Criteria (BIC).

The personalised daily MVPA threshold for each CYPwCF was
calculated using the ACSM HRR method [8] based on daily personalised
RHR and PHR calculated from the derived equations for each participant
in the study. The calculated MVPA threshold values were rounded to the
nearest integer. For days where a threshold could not be estimated,
measured data from the closest day available was used.

3. Results
3.1. Participants

There were 145 CYPWCEF recruited to the study aged 6.0-16.7years
(mean 10.2years), with comparable numbers of males and females
(Table 2). Mean FEV; was 88.3% predicted at baseline. Eight CYPwCF
were prescribed CFTR modulators at enrolment and an additional 24
commenced modulators during the study. After exclusions (3 partici-
pants did not sync any Fitbit data after enrolling), 142 participants
contributed physical activity data over a median (IQR) period of 178
(69-338)days. No participants wore their Fitbit for every day during the

Table 2
Summary of demographic variables in the study population of children and
young people with CF. Mean (SD) [Range] unless otherwise stated.

Units Fizzyo Participants
Participants n 145
Age at Recruitment years 10-2 (2-8) [6.0 - 16-7]
Females n (%) 71 (49)
Males n (%) 74 (51)
BMI kg/m2 17.4 (2.7) [13.1 - 30.5]
BMI z-score 0.1 (1.0) [-2.1-2.7]
10mMST-25 Distance metres 994 (228.8) [390 — 1540]
10mMST-25 PHR bpm 197 (8.7) [180 - 218]
RPE (OMNI) after 10mMST-25 - 8.3 (1.7) [2.0 - 10.0]
F508del Heterozygous n (%) 79 (54)

Homozygous n (%) 46 (32)

No Copies n (%) 20 (14)
FEV,; % predicted 88-3 (15-2) [36-8 - 121-6]
FVC % predicted 95-4 (13-4) [44-4 - 126-3]
CFTR modulators Baseline n (%) 8 (6)

BMI= Body mass index; 10mMST-25 = 25-level,10-metre Modified Shuttle Test;
PHR= Peak heart rate; RPE (OMNI) = Rate of Perceived Exertion, using the
OMNI Picture System, a collection of picture category scales used to rate exer-
tion; F508del= F508del is the most common mutation in CF; FEV;= forced
expiratory volume in 1 second; FVC: forced vital capacity; CFTR=cystic fibrosis
transmembrane conductance regulator.
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study, so there were days with missing RHR data. All available data from
the 142 participants were used in the analyses regardless of length of
time in the study. The LMER regression analysis per participant allowed
for RHR to be estimated on days when participants did not wear their
Fitbit.

3.2. Resting heart rate

A total of 309,926 days of physical activity data from 142 partici-
pants were available. Daily RHR varied within and between participants
(Fig. 1A). The average RHR at age 6 was 79 bpm, 95% CI [76, 82] and
this decreased with age (slope = —0.99, 95% CI [-1.61, —0.36], p =
0.002) (Fig. 1B). Within repeated measures in the same participant, the
day-to-day variability of RHR was only 7.99 bpm, whereas between
individuals RHR varied by 33.14 bpm.

LMER Equation 1: RHRj; = 85.41 — 0.99 age; + ug; + uy; age; + &;
(Figs. 1A and B) where i is the participant ID and j is a given timepoint.
up and u; are the random intercept and slope coefficients respectively for
participant i, and ¢; is the residual error for participant i at timepoint j.

3.3. Peak heart rate

The average PHR at age 6 was 199 bpm (95% CI [196, 201]) and this
decreased with increasing age (slope = —0.51, 95% CI [—0.98, —0.03],
p-value=0.038), (Fig. 1C). The variability of Peak Heart Rate between
participants was 7.1 beats per minute.

LMER Equation 2: PHR; = 201.89 — 0.51 age;+ uq; + & (Fig. 1C)
where i is the participant ID, 1 is the random intercept and ¢; is the
residual error for participant i.

3.4. MVPA threshold

Using the derived RHR and PHR equations, the within-subject MVPA
thresholds were calculated (Fig. 1D).

LMER Equation 3: MVPA Threshold; = RHR;; + 0.4 + (PHR; —RHRy)
(Fig. 1D) where i is the participant ID andj is a given timepoint, and RHR
and PHR are derived from Equations 1 and 2 above. On average, the
MVPA threshold decreased by 0.68 bpm per year of age (SD=1.65, 95%
CI [-0.95, —0.40])

These data confirm that both RHR and PHR slowly decline over time
with age in CYP (black lines in Figs. 1A, B, C), but with different slopes.
Both RHR and PHR are therefore important to include in calculating
MVPA thresholds for CYPwCF, and the HRR method appropriately ac-
commodates for changes with age.

These data also very clearly indicate that despite the overall average
decline in RHR with age in CYP, some individual RHR slopes increased
over time during the course of their participation in the study, or
decreased more or less than could be explained by age alone (Fig. 1B).
These changes in RHR over time, which do not follow the trend of
anticipated decline due to age alone, likely reflect other personal factors
that may include change in cardiovascular fitness, declining or
improving health, or other physiological factors that impact RHR.

Based on this large dataset, the average predicted values for RHR,
PHR and MVPA threshold for CYP vary by age (Table 3). In the absence
of individual daily RHR and/or PHR data, the derived equations and
values in Table 3 can be used as reasonable estimates for prescribing HR
thresholds for MVPA. However, with sufficient repeated measures in a
participant during clinical stability, an individual’s own data can be
used to generate an MVPA threshold. Given the wide variance observed
between-participants, individualised thresholds would provide the most
accurate estimate of an individual’s MVPA threshold.

4. Discussion and conclusion

We propose a method for personalised estimates of MVPA thresholds
in CYP which accounts for within and between participant variation in
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Fig. 1. A) Daily Resting Heart Rate (RHR) in beats per minute (bpm) per participant. B) Personalised slopes predicted by the LMER model derived daily RHR in bpm
for each participant. C) Age-dependent Peak Heart Rate (PHR) for each participant in bpm. D) Personalised MVPA threshold in bpm, calculated for each participant in
the study using the personalised LMER RHR and PHR equations. Overlaid for context are the adult MVPA threshold regression equations from Table 1 [9,10], and the
paediatric thresholds suggested by Swisher et al. [7] and Riddoch and Boreham [6].

Table 3
Average RHR, PHR and MVPA threshold for different ages in CYPwCF.

Age (years) RHR (bpm) PHR (bpm) MVPA threshold (bpm)
6 79.5 198.8 127.2
7 78.5 198.3 126.4
8 77.5 197.8 125.6
9 76.5 197.3 124.8
10 75.5 196.8 124.0
11 74.5 196.3 123.2
12 73.5 195.8 122.4
13 72.5 195.3 121.6
14 71.6 194.8 120.8
15 70.6 194.2 120.0
16 69.6 193.7 119.2
17 68.6 193.2 118.4

RHR and PHR, and thus accounts for inter-individual differences in
factors such as cardiovascular fitness or demographic variability.
Inherently, personalised equations also account for factors arising from
presence or severity of disease in individuals. These thresholds can be
applied to practical objective evaluation of habitual MVPA against tar-
gets or prescriptions.

Our data showed that within the same participant RHR varied by
around 8 bpm from day-to-day. It would not make sense to adjust per-
sonal MVPA threshold on the basis of potentially spurious daily fluctu-
ations in RHR. The personalised LMER equations for RHR therefore
provided an important smoothing function, removing ‘noise’ in daily
RHR measures, but retaining responsiveness to sustained changes over
time, likely due to age, fitness or clinical circumstances. It also allowed
for RHR to be estimated on days when participants did not wear their
Fitbit. These personal variations over time confirmed a) how important

it is to set personalised MVPA thresholds that are responsive to the
complexity of factors influencing RHR and PHR over time and b) that the
ACSM HRR method incorporated into these population based LMER
equations reflect important personal circumstances that appropriately
contribute to the setting of individual MVPA thresholds. These person-
alised and responsive MVPA thresholds are feasible to use and provide a
robust and repeatable method for estimating time in MVPA and changes
in habitual physical activity over time relative to the physiological ex-
ercise capacity of the individual at the time.

Daily use of activity trackers which record HR, such as Fitbit devices,
can help capture objective measures of MVPA in CYP. While activity
trackers may not provide HR data with quite the same accuracy as
clinical ECG devices, photoplethysmography sensors produce excellent
HR measurement, with an absolute error approximating 5% in real
world settings [23]. This is more than acceptable given the advantages
of these sensors, including scalability and low participant burden [24].
Participants are much more likely to wear them over extended periods,
facilitating more accurate longitudinal evaluation of habitual physical
activity compared with self-report. Importantly, taking into account the
within-person variability of both RHR and PHR allows for more appro-
priate thresholds of MVPA to be established. Commercial activity
tracker devices often use proprietary, ‘black box’ algorithms to interpret
HR data, which are largely based on adult data, and are not appropriate
for estimating MVPA in CYP. These data confirm that published adult
thresholds for MVPA substantially overestimate MVPA in CYP [9,10]
(Fig. 1D), while the 120 bpm Riddoch and Boreham [6] threshold
overestimates MVPA in younger children and underestimates MVPA in
adolescents. The Swisher threshold [7] appears substantially higher
than all others assessed.

Use of activity trackers also allows for repeated measures of RHR at
the individual level and therefore calculation of accurate personalised
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MVPA threshold. Clinical, epidemiological or research groups using
their own HR data in CYP, may use the proposed LMER Equations 1,2,3
above, which account for age-related changes in RHR and PHR and
facilitate more accurate estimates of MVPA than the single 120 bpm
threshold suggested for CYP by Riddoch and Boreham in 1995 [5,6] or
self-report. If continuous measures of RHR and/or PHR are not avail-
able, the simple linear equations in Fig. 1 for RHR, PHR, or MVPA
population average data may also be used as a reasonable threshold
estimation for calculating physical activity in CYP. The RHR and PHR
equations (Fig. 1, B and C) can also be used to facilitate calculations of
other bespoke MVPA thresholds as a function of either PHR (eg 50, 60,
70% of PHR), or HRR methods (eg 50, 60, 70% of HRR). The novel
methods described may go some way to address the longstanding
challenge of predicted maximal heart rate in children, which were
summarised in a systematic review and meta-analysis by Cicone et al.
[19].

Our novel approach to define personalised estimates of RHR, PHR
and MVPA thresholds uses data from participants with CF. We
acknowledge this dataset may not be representative of a general popu-
lation of CYP in terms of MVPA or RHR, although our cohort’s high
mean FEV; (~88% predicted) indicates a relatively healthy population
of CYPWCF and Fig. 1D suggests that our data may approximate the
Riddoch and Boreham 120 bpm MVPA threshold for a healthy general
population of CYP [6].

The equations generated by this, albeit large dataset, do not purport
to be a definitive MVPA threshold for all CYP. Instead, our data from a
disease-specific study population demonstrates the methodology and
rationale for this approach. The equations offer more accurate age
related MVPA thresholds for CYPWCF than currently exist in the litera-
ture, and a route to developing an international standard for MVPA
measurement in the era of remote activity monitoring and big data.
Future research can extend the application and evaluation of this
approach in healthy populations, as well as other disease or condition-
specific populations.
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