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ABSTRACT

Heart rate (HR) is an important indicator of work intensity during physical activity. Maximum heart rate (MHR)
is a physiological measure that is frequently used as a benchmark for maximal exercise intensity. The aim of this
study was to establish reference curves for maximum heart rate (MHR) and resting heart rate (RHR) and to develop
an estimated equation for Tunisian adolescent footballers. The study involved 801 adolescent players, aged 11 to
18, who belonged to five Tunisian first-division soccer teams. The LMS method was used for smoothing the curves
and the multivariate linear regression to develop a prediction equation of MHR. Our results showed that MHR and
RHR reference curves decrease with age. The values of the median curves of MHR and RHR ranged from 208.64
bpm (11 years) to 196.93 (18 years) and 73.86 (11 years) to 63.64 (18 years), respectively. The prediction equation
obtained from the model was MHR= 225.08 — 1.55 X Age (years) (R?= 0.317; P < 0.001; standard error of the
estimate (SEE) = 5.22). The comparisons between the estimated values and the measured values have found that
our model (- 0.004 £5.22 bpm) was to be more accurate than two other widely known models. BOX's equation
underestimates the measured MHR values by -3.17 + 5.37 bpm and TANAKA's equation overestimates by + 4.33
+5.5 bpm. The reference curves can be used by coaches and physical trainers to classify the resting heart rate
(RHR) and maximum heart rate (MHR) of each adolescent player, track their evolution over time, and design
tailored training programs with specific intensities for Tunisian soccer players.

Keywords: Maximum heart rate, resting heart rate, prediction equation, percentile curves, soccer players

INTRODUCTION exercise performed at maximum effort, and it
can be measured in the laboratory or in the

The maximum heart rate (MHR) is the field. MHR determines the upper limit of

highest heart rate achieved during a graded
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cardiovascular function (Mahon et al., 2010).
MHR is a physiological measure that is fre-
quently used as a benchmark for maximal ex-
ercise intensity to avoid errors when defining
training loads (Antonacci et al., 2007). This is
owing to the established linear relationship
between heart rate (Zanuto et al., 2020) and
oxygen consumption (VOy) in activities with
progressive intensity (da Silva et al., 2021).
According to this relationship, percent of
MHR corresponds to a percentage of VO,max
at a particular effort intensity. Therefore, we
can supervise the HR in % MHR and control
the intensity of a given physical activity, thus
personalized the physical training (Antonacci
et al., 2007).

Coaches and physical trainers in soccer
frequently base training HR intensities on
MHR, and that in cases where direct measure-
ment of MHR is not possible, an equation
based on age can be used to predict MHR.
FOX’s equation (MHR = 220 - age) (Fox et
al., 1971) and TANAKA’s equation (MHR=
208 - 0.7 x age) (Tanaka et al., 2001) are two
widely used equations in sports practices. The
validity of these equations has been rigor-
ously tested in large samples of adults who are
healthy, sedentary, athletes and persons with
health complications. In contrast, few investi-
gations in children and adolescents have been
conducted (Nikolaidis, 2015). In a given pop-
ulation, MHR values demonstrate a large in-
ter-individual variation. This may make esti-
mated MHR using linear equations more in-
accurate. It is strongly influenced by a per-
son's physiology and lifestyle (Sarzynski et
al., 2013).

Reference percentile curves are widely
used in medical practice as a screening tool
during the important period of childhood.
They identify abnormal subjects, in the sense
that their value of a given measure is located
in one or the other tail of the reference distri-
bution (Borghi et al., 2006). An important as-
pect of this process is drawing the curves in
percentiles, which are generally presented as
the frequency distribution of values based on
gender and age. The graphs' common pattern
Is shown as a series of smooth curves drawn

through the points of each age and trans-
formed into a normal distribution (Cole,
2012; Ghouili et al., 2018).

During the last decades, several countries
have established their references or models of
physical and physiological parameters in the
fields of health and physical activity of
trained or untrained subjects (Eytan et al.,
2017; Lesinski et al., 2020; Santos et al.,
2014). For example, a recent study showed
that athletes practicing endurance sports have
similar MHR values as those engaged in
speed and strength activities, and both have
lower values than untrained subjects. This
highlights the need to review popular predic-
tion equations in sport fields (Nikolaidis,
2015). Therefore, the objective of the present
study is to develop smoothed reference per-
centile curves of MHR and resting heart rate
(RHR) based on age (11-18 years), as well as
a predicted equation specifically for Tunisian
young soccer players.

METHODS

Data collection and procedure

In the pre-season of 2022/2023, we col-
lected a cross-sectional data from 801 football
players aged 11 to 18. The subjects are males
and were recruited from nine teams in na-
tional first division in Tunisia. The partici-
pants had regularly participated in at least
three training sessions per week and in com-
petitions recognized by the Tunisian Football
Federation.

The players voluntarily participated, and
they have possibility of leaving the study at
any time without justification. They informed
their parents of the methods and objectives
used to assess their abilities.

In accordance with the Declaration of
Helsinki (2013), the research has been fully
approved by the Ethics Committee of the
Higher Institute of Physical Education and
Sports in Kef (22-2023).

Anthropometric parameters

Height, body mass and skinfolds were
measured using precise tools, including elec-
tronic scale to the nearest 0.1 kg (HD-351;
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Tanita, Arlington Heights, Illinois, USA),
portable stadiometer to the nearest 0.001 m
(SECA Leicester, United Kingdom) and cali-
per to the nearest 0.5 mm (Harpenden, West
Sussex, UK).

Body mass index was calculated by the ra-
tio of body mass (kg) to square height (m2),
and body fat (BF) was estimated from the sum
of 4 skinfolds (Triceps, Biceps, Subscapular
Suprailiac) using Durnin and Womersley
(1974) formula;

BF % = (4.95/ D) - 4.50

where BF is the estimated body fat per-
centage and D is the density of the body,
which is calculated using the sum of the four
skinfolds (in millimeters) according to the
equation:

D = 1.0994921 - (0.0009929 x sum of
skinfolds) + (0.0000023 x sum of skinfolds?)
- (0.0001392 x age)

Graded exercise test

The participants performed a running test
between two lines separated by 20 meters fol-
lowing the signal of an emitted audio. The in-
itial speed was 8.5 km/h and increased by 0.5
km/h at each one-minute stage (Léger et al.,
1988). Heart rate (HR) was continuously
monitored using Polar Team Sport System
(Polar-Electro OY, Kempele, Finland). The
test ended when the participant could not
reach the beep line by two consecutive laps or
wished to stop the test.

Smoothed reference curves

The lambda, mu and sigma (LMS)
method describes the distribution of the dif-
ferent measurements in the reference percen-
tile curves by three curves: the median, the co-
efficient of variation and the asymmetry
curves (Cole, 1990).

The percentile curves were developed us-
ing the following equation:

1
ClOOa = M(l + LSZO()Z

Statistical analysis

Data analyses were performed using the
Statistical Package for the Social Sciences
(SPSS, version 28.0). Data are presented as

means and standard deviations (SD) for all
measured variables. Relationships between
MHR and continuous variables (weight,
height, BMI, body fat percentage, RHR) were
provided using Pearson's correlation coeffi-
cient.t. One-way analysis of variance
(ANOVA) and subsequent Bonferroni post-
hoc test (if differences between groups were
revealed) were used to examine differences
between successive age group values. In ad-
dition, the stepwise method of multivariate
linear regression was used to identify predic-
tors of MHR after checking the regression hy-
potheses (homoscedasticity, multicollinear-
ity, and normal distribution of residuals).
Root Mean Squared Error (RMSE) was used
to assess the goodness-of-fit of the model. Ex-
amination of the accuracy and the variability
of the prediction equations was performed by
the analysis of Bland, Altman graphical
method (Altman and Bland, 1983).

RESULTS

The descriptive characteristics of the sam-
ple are presented in Table 1.
The sample was distributed over the eight age
groups as follows: 12.23% (11 years),
10.61 % (12 years), 13.61% (13 years),
1348 % (14 years), 13.11% (15 years),
12.86 % (16 years), 10.99 % (17 years) and
13.11 % (18 years). There were significant
differences between all successive age groups
in terms of height, body mass, and trainabil-
ity. However, the differences were particu-
larly noticeable for a certain age group in
other variables. For BF %, there were signifi-
cant differences between the 11/12 years
(p<0.001), 13/14 years (p<0.0001), and 16/17
years (p<0.01) age groups. For MHR, there
were significant differences between the
11/12 years (p<0.001), 14/15 Years (p<0.01),
and 17/18 years (p<0.001) age groups. For
RHR, there was a significant difference only
between the 11/12 years (p<0.001) age group
(Table 1).
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Table 1: Characteristics of anthropometric measurements (height, body mass, body mass index (BMI), body fat (BF)), trainability (TR), maximum heart rate
(MHR), resting heart rate (RHR) by age group of study participants
" P<0.01; *": P< 0.001; ™: P< 0.0001; differences between successive age group values

Age group Height (cm) Body mass (kg) BMI (kg/m?) BF (%)

(VECES)

11 98 2.56+0.33 1.44+0.07 38.98+6.11 18.95+2.53 12.02+2.80 207.78+5.83 72.88+5.72
12 85 3.57**+0.34 1.49%**+0.06 44.35***+6.26 19.93**+2.73 13.07**+2.77 205.26**+5.51 69.79**+6.52
13 109  4.55***+0.38 = 1.57***+0.09 50.17***+8.13 20.35%2.77 13.40+2.76 203.90+4.80 68.13+6.26
14 108 | 5.58***+0.37 1.63***+0.11 56.12**+8.58 21.03*+2.72 14.18*+2.71 202.54+4.11 67.48+6.87
15 105 6.46***+0.34 = 1.68***+0.08 58.77**+5.53 20.96+2.37 14.31+2.68 201.12*+5.22 66.84+6.93
16 103 | 7.53***+0.39 1.72***+0.09 62.63***+6.72 21.3+2.69 14.44+2 .80 199.78+5.19 66.06+6.50
17 88  8.60***+0.45  1.77***+0.07 68.40***+6.9 21.97+2.12 15.34**+2.10 198.93+5.06 64.47+7.07
18 105 | 9.63***+0.48 1.78+0.08 71.07*+7.59 22.54+2.18 15.19+£1.90 195.74**+6.08 63.18+6.77
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Reference values

The median curve values for MHR and
RHR vary from 208.64 bpm (11 years) to
196.93 bpm (18 years) and from 73.86 bpm
(11 years) to 63.64 bpm (18 years), respec-
tively. The lower percentile values (P3) de-
crease from 196.83 bpm (11 years) to 187.23

bpm (18 years) for MHR, and from 62.59 bpm
(11 years) to 51.94 bpm (18 years) for RHR.
Similarly, the upper percentile values (P97)
decrease from 218.81 bpm (11 years) to
208.10 bpm (18 years) for MHR, and from
84.52 bpm (11 years) to 77.44 bpm (18 years)
for RHR (Table 2, and Figures 1 and 2).

Table 2: Lambda (L), Median (M), Coefficient of Variation (S) and Percentile curves of Maximum Heart
rate (MHR) (bpm) and Resting Heart rate (RHR) (bpm) for Tunisian soccer players aged 11-18 year

Age L Y S P3 P25 P50 P75 P90 P97
(years)
MHR
11 3.83 208.64 0.03 196.83 | 200.81 @ 204.62 | 208.64 | 212.44 21571 | 218.81
11.5 3.03 207.57 0.03 196.51 @ 200.17 203.74 207.57 211.26 214.48 217.56
12 2.20 206.51 0.03 196.13 | 199.50 | 202.86 @ 206.51 | 210.08 213.23 216.29
12.5 1.30 205.50 0.03 195.75 = 198.87 202.02 20550 208.96 212.06 215.11
13 0.41 204.63 0.02 195.42 | 198.32 201.29 | 204.63 | 207.99 @211.04 | 214.09
13.5 -0.36 203.89 0.02 195.09 197.83 200.67 203.89 207.18 210.20 213.25
14 -0.97 203.20 0.02 194.66 | 197.31 | 200.06 | 203.20 | 206.44 209.45 212.50
14.5 -1.40 202.47 0.02 194.07 196.66 199.36 202.47 @205.70 208.72 211.80
15 -1.72 201.72 0.02 193.34 | 195.90 198.60 | 201.72 | 204.97 @208.03 @ 211.16
15.5 -1.94 201.04 0.02 192.58 195.16 197.88 201.04 204.35 207.47 210.69
16 -2.08 200.38 0.02 191.78 | 194.39 @ 197.16 | 200.38 | 203.76 @ 206.97 | 210.29
16.5 -2.12 199.65 0.03 190.85 @ 193.52 196.35 199.65 203.13 206.42 209.85
17 -2.08 198.85 0.03 189.80 | 192.54 19545 | 198.85 | 202.43 @ 205.83 | 209.37
17.5 -1.93 197.96 0.03 188.61 @ 191.45 19445 197.96 201.66 205.16 208.81
18 -1.66 196.93 0.03 187.23 | 190.18 @ 193.30 | 196.93 | 200.75 @ 204.36 @ 208.10
RHR
11 1.37 73.86 0.08 62.59 66.26 69.90 73.86 77.75 81.18 84.52
11.5 1.16 72.52 0.08 61.21 64.85 68.50 72.52 76.51 80.06 83.55
12 0.95 71.18 0.08 59.86 63.46 67.11 71.18 75.26 78.95 82.59
12.5 0.76 69.95 0.09 58.62 62.17 65.83 69.95 74.13 77.94 81.75
13 0.58 68.92 0.09 57.57 61.10 64.75 68.92 73.20 77.14 81.11
13.5 0.44 68.13 0.09 56.74 60.24 63.91 68.13 72.51 76.57 80.71
14 0.33 67.57 0.10 56.10 59.60 63.29 67.57 72.04 76.23 80.52
14.5 0.26 67.16 0.10 55.60 59.11 62.83 67.16 71.71 76.00 80.42
15 0.22 66.79 0.10 55.13 58.66 62.41 66.79 71.41 75.77 80.28
15.5 0.21 66.42 0.10 54.68 58.22 62.00 66.42 71.08 75.50 80.07
16 0.21 66.04 0.10 54.24 57.80 61.59 66.04 70.73 75.18 79.78
16.5 0.21 65.61 0.10 53.78 57.35 61.15 65.61 70.33 74.80 79.42
17 0.20 65.08 0.10 53.24 56.81 60.61 65.08 69.80 74.28 78.92
17.5 0.19 64.41 0.11 52.62 56.17 59.96 64.41 69.12 73.60 78.25
18 0.17 63.64 0.11 51.94 55.46 59.21 63.64 68.33 72.79 77.44
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Figure 1: Smoothed percentiles curves of Maximum Heart rate (MHR) for Tunisian soccer players aged
11-18 years
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Figure 2: Smoothed percentiles curves of Resting Heart rate (RHR) for Tunisian soccer players aged
11-18 years
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The Pearson correlation coefficients be-
tween the MHR and the different variables
(age, trainability, Body mass, height, BMI,
Fat mass percent, RHR) are presented in Ta-
ble 3. All the variables had a strong negative
correlation with the MHR.

Table 3: Pearson Correlation Coefficients Be-
tween Observed Maximal Heart Rate (bpm) and
the independents variables.

Correlation P-value
Coefficient
Age (years) -0.563 <0.001
Trainability (years) -0.555 <0.001
Body mass (kg) -0.498 <0.001
Height (cm) -0.436 <0.001
BMI (kg.m?) -0.294 <0.001
Fat mass percent -0.249 <0.001
(%)
Resting heart rate -0.209 <0.001
(bpm)

MHR prediction equations

Multivariate linear regression identified
two models for production MHR. The first
model included age as the only significant
predictor using the following prediction equa-
tion:

MHR=225.08 — 1.55 X Age (years) (1)

(R?=0.317, P <, 0.001, standard error of
the estimate (SEE) = 5.22).

The error range for this model was -22.47
to +13.66 bpm. The mean difference between
the measured and predicted MHR using this
equation was -0.004 with a standard deviation
of 5.22 bpm.

The second model revealed that both age
and BMI were significant predictors of MHR

MHR=228.03 — 1.45 x Age (years) — 0,21x
BMI (kg/m?) 2

(R?=0.324, P < 0.001, standard error of
the estimate (SEE) = 5.20.

The error range of second model was -
21.95 to +14.62 bpm. The mean difference
was -0.066 with a standard deviation of 5.19
bpm.

The two developed models had similar
percentages of estimated variation in MHR
(31.7 % vs. 32.4 %) and SEE values (5.22 vs.
5.20 bpm). As result, we chose the first equa-
tion as the predictor of MHR values for young
Tunisian soccer players because it only relied
on one variable, which was age.

Figure 3 illustrate the potential agreement
between the observed MHR and the predicted
MHRs using three equations. Our model 1
demonstrated a stronger linear trend closer to
the ideal trend than both FOX's and
TANAKA's equations.

Bland and Altman graph shows the high
degree of agreement between our model 1 and
the measured MHR values. Our model 1
demonstrated near-zero bias (+0.003) and up-
per and lower limits of agreement of +10.23
bpm and -10.24 bpm, respectively (see Figure
4).

For the FOX’s and TANAKA'’s equa-
tions, the Bland and Atman graph illustrated
that the biases are not negligible, with values
of -3.17 bpm and +4.33 bpm, respectively.
The upper and lower limits of agreement for
the FOX’s equation are -7.35/+13.70 bpm,
and for the TANAKA’s equation they are
-15.25/+6.60 bpm (see Figure 4).

DISCUSSION

The aim of this study was to develop ref-
erence curves of MHR and RHR and produce
an estimated equation for children and adoles-
cents’ soccer players.

The 3 50" and 95" percentile values of
MHR showed a continuous decrease with age,
through variation of decline of around 1.67 +
0.30 bpm, 1.37 £ 0.72 bpm, and 1.53 % 0.62
bpm per year, respectively, resulting in an
overall decline rate of -4.88 %, -5.61 %, and -
4.89 % between the ages of 11 and 18 years.
Tanaka et al. (2001) have demonstrated that
the decline in MHR is not related to physical
activity level or gender, but rather primarily
due to the reduction in intrinsic heart rate. A
constant relationship between the variation of
heart rate and the intrinsic contractile function
of the myocardium has been found in previous
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studies by Jose and Taylor (1969) and Opthof
(2000).

Smoothed percentile values for RHR are
also inversely associated with age. Indeed, the
values for the 3", 50", and 97" percentiles
vary by 1.52 + 0.72 bpm, 1.46 + 0.75 bpm,
and 1.01 £+ 0.62 bpm per year, respectively,
with a total percentage decrease of -17.01 %,
-13.84 %, and -8.38 % from 11 to 18 years of
age. In the same context, Zanuto et al. (2020)
found, through simple regression analysis,
that RHR was associated with age (p = -1.61,;
95 % CI: -2.11, -1.16) and total physical ac-
tivity (B = -0.51; 95 % CI: -0.91, -0.11) pa-
rameters in boys aged 10 to 17 years.

In a meta-analysis review, Pieles and Stu-
art (2020) showed that training-related
changes in adolescent athletes include in-
creased cardiac output, as well as increased
size and thickness of the ventricular cavity,
with a decreased RHR. Training three days
per week for 12 weeks with high-intensity
physical activity for 15 minutes each day re-
sulted in significant improvements in systolic
blood pressure and RHR in school children.

Zanuto et al. (2020) described that the de-
crease in resting heart rate under the effects of
physical activity may provide three action
mechanisms: (1) neural mechanism, which
regulates the necessary stimuli through the ac-
tion of muscle afferent nerves (chemorecep-
tors and mechanoreceptors) based on exercise
intensity, (2) baroreflex mechanism, which
acts as a behavioral regulator with every beat,
and (3) central mechanism, which controls
changes in sympathetic and parasympathetic
efferent activity during exercise (Zanuto et
al., 2020). In other words, moderate to vigor-
ous physical activity promotes health benefits
by producing physiological changes in the
cardiovascular, pulmonary, and metabolic
systems (Nystoriak and Bhatnagar, 2018).

Several variables, including anthropomet-
ric parameters, age, trainability, and RHR
variables, were examined to identify the best
predictor of MHR. Our analysis revealed that
age is the most significant predictor, with an
inverse correlation of -0.56 (p<0.001) with
MHR. Previous studies have shown varying

degrees of correlation between MHR and age
across different age groups of athletes. For ex-
ample, a correlation coefficient of -0.41
(p<0.001) was reported for soccer players
aged 11-36 years (Nikolaidis, 2015), while a
weaker correlation (-0.28; p<0.001) was
found for athletes aged 9 to 18. In contrast,
studies covering larger age ranges reported
much stronger correlations, such as -0.60 for
age groups of 14-77 years (Whaley et al.,
1992) and 19-89 years (Nes et al., 2013). In
our study, we developed two new prediction
equations for MHR in young Tunisian soccer
players, based on age and BMI as independent
variables. The first model, which uses only
age as a predictor, had R2 of 0.317 with SEE
of 5.22. The second model, which includes
both age and BMI, had an Rz of 0.324 with
SEE of 5.20. Since the two models had similar
R2 values and SEE, we chose the simpler
model that includes only age as the predictor
for MHR.

After analyzing the difference between
observed MHR values of young Tunisian soc-
cer players and the predicted values using our
model 1, as well as the BOX’s equation and
TANAKA's equation, we observed biases and
standard deviations of -0.003 £ 5.22, -3.17 +
5.37, and +4.33 £ 5.57, respectively. The er-
rors that exceed the limits of agreement can
reach up to 3.6 % for our model 1, 4.8 % for
the BOX’s equation, and 5.4% for
TANAKA's equation. Our findings align with
previous research by Gellish et al. (2007) and
Pereira Rodriguez et al. (2016), indicating
that the BOX’s equation underestimates
MHR values, while TANAKA's equation
overestimates them. However, some studies,
such as those by Nikolaidis (2015) and Papa-
dopoulou et al. (2019), have reported conflict-
ing results, showing that BOX’s equation
overestimates and TANAKA's equation un-
derestimates MHR in adolescents. According
to Almeida et al. (2010), predictive equations
become valid when they are applied to popu-
lations with similar characteristics to those of
the sample for which the equation was devel-
oped (Machado and Denadai, 2011).
TANAKA's prediction equation was devel-
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oped using a meta-analysis approach that ex-
tracted MHR values from 18,712 healthy
adult subjects of 492 different groups in 351
studies (Tanaka et al., 2001). The BOX model
was based on an estimate derived from the ob-
servation of a linear best fit of a series of raw
and averaged data compiled in 1971 (Fox et
al., 1971) , and research since 1971 has re-
vealed errors in the estimation of MHR, ren-
dering the BOX’s prediction equation inaccu-
rate (Robergs and Landwehr, 2002).

Numerous authors have attempted to de-
velop alternative formulas for predicting
MHR, but the resulting equations may not be
applicable to the general population due to
various factors, such as the sample size, age
group, and type of stress test (Magri et al.,
2022).

Our study has several strengths. (1) We
developed reference values for MHR and
RHR that allow for ranking players according
to their aerobic capacity compared to those of
subjects of the same age and from the same
population. (2) We included several parame-
ters, such as age, stature, body mass, BMI,
percentage of body fat, trainability, and RHR,
as possible predictors for MHR in young Tu-
nisian footballers. (3) We developed first pre-
diction equation for MHR during the adoles-
cent period. However, our study also has
some limitations. For instance, the equation
we developed only has a 30 % predictive ca-
pacity and is applicable to a little age group of
11-18 years. Therefore, future studies should
expand the age group by combining the pe-
riod of adolescence with that of young adult
footballers. Additionally, longitudinal studies
would be beneficial to better specify the
tendencies of the curves of references over
time.

CONCLUSION

Based on these results, it is suggested that
the reference curves developed from the Tu-
nisian children and adolescent sample can be
used to classify RHR and MHR of each player
and to monitor their changes over time. In the
context of testing and training, practitioners
are advised to use the prediction equation

developed in this study, which is more accu-
rate than BOX's and TANAKA's equations.
Finally, the reliability of the tools developed
in this study needs to be tested by Tunisian
coaches and physical trainers.

REFERENCES

Almeida JAd, Campbell CS, Pardono E, Sotero RdC,
Magalhdes G, Simfes HG. Validade de equacbes de
predicdo em estimar 0 VO2max de brasileiros jovens a
partir do desempenho em corrida de 1.600 m. Rev Bras
Med Esporte. 2010;16:57-60. doi: 10.1590/S1517-
86922010000100011.

Altman DG, Bland JM. Measurement in medicine: the
analysis of method comparison studies. The Statisti-
cian. 1983;32:307-17. doi: 10.2307/2987937.

Antonacci L, Mortimer LF, Rodrigues VM, Coelho
DB, Soares DD, Silami-Garcia E. Competition, esti-
mated, and test maximum heart rate. J Sports Med Phys
Fitness. 2007;47:418-21.

Borghi E, de Onis M, Garza C, Van den Broeck J,
Frongillo EA, Grummer-Strawn L, et al. Construction
of the World Health Organization child growth stand-
ards: selection of methods for attained growth curves.
Stat Med. 2006;25:247-65. doi: 10.1002/sim.2227.

Cole TJ. The LMS method for constructing normalized
growth standards. Eur J Clin Nutr. 1990;44:45-60.

Cole TJ. The development of growth references and
growth charts. Ann Hum Biol. 2012;39:382-94. doi:
10.3109/03014460.2012.694475.

da Silva HS, Nakamura FY, Papoti M, da Silva AS,
Dos-Santos JW. Relationship between heart rate, oxy-
gen consumption, and energy expenditure in futsal.
Front Psychol. 2021;12:698622. doi:
10.3389/fpsyg.2021.698622.

Durnin JV, Womersley J. Body fat assessed from total
body density and its estimation from skinfold thick-
ness: measurements on 481 men and women aged from
16 to 72 years. Br J Nutr. 1974;32:77-97. doi:
10.1079/bjn19740060.

Eytan D, Goodwin AJ, Greer R, Guerguerian AM,
Laussen PC. Heart rate and blood pressure centile
curves and distributions by age of hospitalized criti-
cally ill children. Front Pediatr. 2017;5:52. doi:
10.3389/fped.2017.00052.

Fox SM 3rd, Naughton JP, Haskell WL. Physical ac-
tivity and the prevention of coronary heart disease. Ann
Clin Res. 1971;3:404-32.

679



EXCLI Journal 2023;22:670-680 — ISSN 1611-2156

Received: May 24, 2023, accepted: June 29, 2023, published: July 17, 2023

Gellish RL, Goslin BR, Olson RE, McDonald A, Russi
GD, Moudgil VK. Longitudinal modeling of the rela-
tionship between age and maximal heart rate. Med Sci
Sports Exerc. 2007;39:822-9. doi:
10.1097/mss.0b013e31803349c6.

Ghouili H, Ben Khalifa W, Ouerghi N, Zouaoui M,
Dridi A, Gmada N, et al. Body mass index reference
curves for Tunisian children. Arch Pediatr. 2018;25:
459-63. doi: 10.1016/j.arcped.2018.09.005.

Jose AD, Taylor RR. Autonomic blockade by propran-
olol and atropine to study intrinsic myocardial function
in man. J Clin Invest. 1969;48:2019-31. doi:
10.1172/jci106167.

Léger LA, Mercier D, Gadoury C, Lambert J. The mul-
tistage 20 metre shuttle run test for aerobic fitness. J
Sports Sci. 1988;6:93-101. doi:
10.1080/02640418808729800.

Lesinski M, Schmelcher A, Herz M, Puta C, Gabriel H,
Arampatzis A, et al. Maturation-, age-, and sex-specific
anthropometric and physical fitness percentiles of Ger-
man  elite  young athletes. PLoS  One.
2020;15(8):e0237423. doi: 10.1371/jour-
nal.pone.0237423.

Machado FA, Denadai BS. Validity of maximum heart
rate prediction equations for children and adolescents.
Arg Bras  Cardiol. 2011;97:136-40. doi:
10.1590/s0066-782x2011005000078.

Magri D, Piepoli M, Gallo G, Corra U, Metra M, Pao-
lillo S, et al. Old and new equations for maximal heart
rate prediction in patients with heart failure and re-
duced ejection fraction on beta-blockers treatment: re-
sults from the MECKI score data set. Eur J Prev Car-
diol. 2022;29:1680-8. doi: 10.1093/eurjpc/zwac099.

Mahon AD, Marjerrison AD, Lee JD, Woodruff ME,
Hanna LE. Evaluating the prediction of maximal heart
rate in children and adolescents. Res Q Exerc Sport.
2010;81:466-71. doi:
10.1080/02701367.2010.10599707.

Nes BM, Janszky I, Wislgff U, Stgylen A, Karlsen T.
Age-predicted maximal heart rate in healthy subjects:
The HUNT fitness study. Scand J Med Sci Sports.
2013;23:697-704. doi: 10.1111/j.1600-
0838.2012.01445.x.

Nikolaidis PT. Maximal heart rate in soccer players:
measured versus age-predicted. Biomed J. 2015;38:84-
9. doi: 10.4103/2319-4170.131397.

Nystoriak MA, Bhatnagar A. Cardiovascular Effects
and benefits of exercise. Front Cardiovasc Med. 2018;
5:135. doi: 10.3389/fcvm.2018.00135.

Opthof T. The normal range and determinants of the
intrinsic heart rate in man. Cardiovasc Res. 2000;45:
177-84. doi: 10.1016/s0008-6363(99)00322-3.

Papadopoulou SD, Papadopoulou SK, Alipasali F, Hat-
zimanouil D, Rosemann T, Knechtle B, et al. Validity
of prediction equations of maximal heart rate in physi-
cally active female adolescents and the role of matura-
tion. Medicina (Kaunas). 2019;55(11):735. doi:
10.3390/medicina55110735.

Pereira Rodriguez J, Boada-Morales L, Jaimes-Martin
T, Melo-Ascanio J, Nifio-Serrato D, Rincon-Gonzalez
G. Predictive equations for maximum heart rate. Myth
or reality. Rev Mex Cardiol. 2016;27:156-65.

Pieles GE, Stuart AG. The adolescent athlete's heart; A
miniature adult or grown-up child? Clin Cardiol. 2020;
43:852-62. doi: 10.1002/clc.23417.

Robergs RA, Landwehr R. The surprising history of the
“HRmax= 220-age” equation. JEPonline/J Exerc Phy-
siol Online. 2002;5(2):1-10.

Santos R, Mota J, Santos DA, Silva AM, Baptista F,
Sardinha LB. Physical fitness percentiles for Portu-
guese children and adolescents aged 10-18 years. J
Sports Sci. 2014;32:1510-8. doi:
10.1080/02640414.2014.906046.

Sarzynski MA, Rankinen T, Earnest CP, Leon AS, Rao
DC, Skinner JS, et al. Measured maximal heart rates
compared to commonly used age-based prediction
equations in the Heritage Family Study. Am J Hum
Biol. 2013;25:695-701. doi: 10.1002/ajhb.22431.

Tanaka H, Monahan KD, Seals DR. Age-predicted
maximal heart rate revisited. J Am Coll Cardiol.
2001;37:153-6. doi: 10.1016/s0735-1097(00)01054-8.

Whaley MH, Kaminsky LA, Dwyer GB, Getchell LH,
Norton JA. Predictors of over- and underachievement
of age-predicted maximal heart rate. Med Sci Sports
Exerc. 1992;24:1173-9.

Zanuto EF, Ritti-Dias RM, Tebar WR, Scarabottolo
CC, Delfino LD, Casonatto J, et al. Is physical activity
associated with resting heart rate in boys and girls? A
representative study controlled for confounders. J Pe-
diatr (Rio J). 2020;96:247-54. doi:
10.1016/j.jped.2018.10.007.

680



