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Vertical jumping power declines with advancing age, which is theoretically explicable
by loss of muscle mass and increases in body fat. However, the results of previous
cross-sectional studies remain inconsistent on these relationships. The present study
included 256 masters athletes who competed at the 2018 track and field world
championships in Málaga, Spain. We assessed body composition with bioelectrical
impedance (Inbody S10) and vertical jumping power with a Leonardo ground reaction
force platform. Relationships between age, jumping power, and body composition
were analyzed by correlation and regression analyses. Hierarchical multiple regression
analysis was used to evaluate effects of each factor on vertical jumping power. Age-
related rates of decreases in maximal power and jump height were similar between male
and female athletes. Percent fat-free mass and percent body fat were negatively and
positively, respectively, associated with age in masters athletes and were comparable
to those previously observed in the general population. Moreover, these effects in body
composition can, to a great extent, explain the age-related decline in jumping power,
an effect that seems at least partly independent of age. Finally, the multiple regression
model to determine independent predictors of vertical jump performance yielded an
overall R2 value of 0.75 with the inclusion of (1) athletic specialization in power events,
(2) percent fat-free mass, and (3) phase angle. However, partial regression yielded
significant effects of age, but not gender, on peak power, even when adjusting for
athletic specialization, percent fat-free mass, and phase angle. We concluded that loss
of skeletal muscle mass and changes in bio-impedance phase angle are important
contributors to the age-related reduction in anaerobic power, even in adults who
maintain high levels of physical activity into old age. However, age per se remains a
significant predictor of vertical jump performance, further demonstrating deteriorated
muscle quality at old age (sarcosthenia).
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INTRODUCTION

Age-related physiological variations of body composition
encompass both fat-free mass (FFM), which includes minerals
(bone mass), proteins (muscle mass) and total body water, and
fat mass (FM) (Wang et al., 2020). Dependent on the type of
sport, athletic retirement is often characterized by a reduction
in physical training stimuli causing loss of lean body mass and
fitness as well as altered body composition (Liu et al., 2008).
With the advancement of age, there is generally an increase
in trunk fat (visceral fat) and a decrease in subcutaneous fat
(Yarizadeh et al., 2020). Another characteristic related to old age
is the accumulation of fat in non-fatty tissues (termed “ectopic”
fat). Alterations in ectopic fat have been studied mainly in older
adults, suggesting that the amount of intermuscular adipose
tissue increases with age. Although age-related accumulation in
intermuscular adipose tissue may be more visible in those with
greater total body weight, it has also been observed in people
with low body weight (Rossi et al., 2011). In addition, there is also
an age-related accumulation of intra-muscular adipose tissue,
and likely even in the intracellular lipid content, which is thought
to hamper muscle’s mechanical functioning (Goodpaster et al.,
2001; Correa-de-Araujo et al., 2020).

Age-related loss of muscle mass is referred to as sarcopenia
(Visser, 2009; Narici and Maffulli, 2010), and the accompanying
loss of function is referred to as dynapenia (Manini and Clark,
2012). Enhanced body fat and loss of muscle mass with age
together increase the risks of developing sarcopenic obesity,
characterized by the redistribution of subcutaneous fat and an
excess of visceral adiposity associated with a reduction in muscle
mass and strength (Stenholm et al., 2008; Zamboni et al., 2008;
Dawson and Dennison, 2016). In a physical analogy to vehicles,
one could equate the engine to the body’s musculature, and the
vehicle’s load to excess adipose tissue. Reductions in the size
(∼sarcopenia) and power (∼dynapenia) of the engine will slow
down the vehicle, and this will be further aggravated by increasing
the passive load (∼obesity). It is therefore no surprise that
sarcopenia and dynapenia are associated with reduced vertical
jump performance (Siglinsky et al., 2015) and reduced gait speed
at old age (Studenski et al., 2011). Sarcopenia, dynapenia, and
slow gait speed, in turn, are important predictors of dysmobility,
loss of autonomy and death (Newman et al., 2006; Stanaway
et al., 2011; Cruz-Jentoft, 2013). In addition to dynapenia, the
term sarcosthenia has been proposed to describe poor quality
of muscle tissue, which likely also contributes to the age-related
decline in physical functioning (Tanaka et al., 2019).

Skeletal muscle retains a remarkable plasticity to be responsive
to exercise training into very old age (Fiatarone et al., 1994).
However, the readiness to exert oneself in exhaustive training
sessions is often dwindling in the senior population. In this
respect, masters athletes are an intriguing population, as they are
driven by the desire to win the competitions that they participate
in. They hitherto adhere to demanding training regimens in
order to get their physique into the best possible shape. From
a physiological point of view, they can accordingly be seen
as a model of highly active aging (Rittweger et al., 2004a;
Tanaka et al., 2019).

Over the past decades, the vertical jump test has been
established as an intuitive test that has good ecological validity
(Hong et al., 2020) and that depicts virtually no learning effect
(Rittweger et al., 2004b). Another advantage above other physical
tests like the chair rising test is that it is discriminative over
a very wide spectrum of physical capability, ranging from
elite athletes to frail patients (Hardcastle et al., 2014). In an
initial cross-sectional study (Runge et al., 2004), normative
data were generated to assess the age-related declines in peak
neuromuscular power. This test calculates the peak power that is
developed during a counter-movement jump and evaluates the
entire chain of anti-gravity muscles required for many normal
physiological activities. We have been using the vertical jump test
in track and field masters athletes and found that the age-trend
in sprinters and distance runners follow a trajectory that was
parallel above and below the EFI-line, respectively (Grassi et al.,
1991; Michaelis et al., 2008). Moreover, novel, longitudinal data
confirm that individual athletes undergo an age-related decline
in neuromuscular power that is well-predicted by the EFI score
(A. Ireland, J. Rittweger et al., submitted).

The question is therefore arising whether the age-related
decline in vertical jump power is due to sarcopenia (=muscle
wasting), to sarcosthenia (=poor muscle quality), and/or to
excess passive load (=obesity) in the masters athletic population.
Addressing this question will help to better understand in
how far deterioration in physical performance at old age is
attributable to changes in body composition. Practically, this
can improve our ability to predict performance via body
composition assessments. So far, only sporadic and non-
systematic studies exist on body composition in masters athletes
(Tanaka et al., 2019), but modern bio-impedance analysis (BIA)
can be used to assess body composition from the electrical
properties of body tissue (Kyle et al., 2004). Multi-frequency
approaches in particular can accurately estimate total body
water (TBW), fat mass (FM), and fat-free mass (FFM), with
the latter being highly correlated to muscle mass. The use
of the bicompartmental model (2C) is therefore widespread
in clinical practice and epidemiology. The overall aim of
the present study therefore was to investigate whether age-
related effects in body composition can explain the age-related
decline in vertical jumping performance in masters athletes.
Our working hypothesis was that decreases in vertical jump
performance with advancing age can be explained largely by
the corresponding changes in body composition in masters
athletes, and that apparent age-effects would be explained in
men and women alike across the range of different athletic
specializations.

MATERIALS AND METHODS

The Masters Athletic Field Study 2018 (MAFS-18) aimed to
assess physiological and mental constituents of fitness and well-
being in masters athletes. It was implemented during the 23rd
World Masters Athletics Championships held in Málaga, Spain
between 4th and 15th September 2018, where 8,189 athletes
registered for competitions. Data collection took place in the
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Málaga City Stadium in close proximity to the registration
office. The study was approved by the Masters Athletics
organizing committee, and the research protocol was reviewed
and approved by the ethical commission of the North Rhine
Medical Association (Ärztekammer Nordrhein lfd Nr 2018171).
The study was registered with the German register for clinical
trials1 with identifier DRKS00015172 before the commencement
of the study. The only inclusion criterion was that participants
competed in the championships. Injuries that interfered with the
testing procedures were criteria for exclusion.

Participants
Initially, the MAFS-18 study had been designed with a sample size
of 60 to 120 participants. However, overwhelming interest on the
side of the athletes allowed us to include a total of 256 masters
athletes. Of these, 240 athletes aged between 35 and 91 years
(mean 58 ± 12 years) participated in the present sub-study. All
the participants provided their written informed consents.

1www.drks.de

Study Flow
Basic Assessment
After inclusion, a brief questionnaire-guided interview was
performed with the participants to assess information on
athletic specialization, training habits, and medical conditions.
Participants were also identified by their bib number, which
was invariant throughout the Málaga competitions, and all
participants consented for their personal data to be stored
for future longitudinal analyses. Next, height and weight were
assessed using a stadiometer (Kern MPE250 K100HM, Balingen,
Germany) to the nearest of 0.1 cm and 100 g, respectively.

Vertical Jump Test
The test was performed with a Leonardo ground reaction force
platform (Novotec Medical, Pforzheim, Germany) with the
integrated software in its version 4.4b01.35 (research addition).
This software screens the ground reaction force signal for a
period in which movement-related variation is reduced below a
critical threshold, to then provide a starting signal to participants.
Stability of the force signal prior to the jump is essential,
as accurate estimation of body mass m is required for the

TABLE 1 | Comparisons of body composition and vertical jump performance between male and female masters athletes.

Variables Male (n = 162) Female (n = 91) P-value

Median 95% CI Median 95% CI

Age (years) 58.0 56.0−61.0 55 52.0−57.3 0.058

Weight (kg) 72.6 71.6−74.0 59 57.7−62.2 <0.0001

Height (cm) 173.9 172.3 −174.8 164.1 162.0−165.1 <0.0001

BMI (kg/m2) 24.4 24.0−24.8 22.5 21.4−23.4 <0.0001

BFM (kg) 13.4 12.2−14.5 12.6 11.3−14.8 0.672

PBF (%) 18.4 17.5−20.1 21.1 19.8−24.4 <0.0001

FFM (kg) 59.4 57.1−60.8 45.6 44.5−48.0 <0.0001

FFM (%) 81.4 79.8−82.5 78.8 75.8−80.1 <0.0001

TBW (%) 43.5 42.0−44.7 33.5 32.5−35.2 <0.0001

TBW (kg) 59.8 58.5−60.5 57.4 54.9−58.5 <0.0001

ICW (%) 27.1 57.1−60.8 20.6 21.0−21.7 <0.0001

ICW (kg) 37.0 57.1−60.8 35.3 34.4−36.1 <0.0001

ECW (%) 16.4 15.9−17.2 12.9 12.4−13.5 <0.0001

ECW (kg) 22.7 22.3−23.1 22.0 21.1−22.3 0.0001

WB resistance (�) 516.3 478.0−564.1 587.1 538.7−630.3 <0.001

WB reactance (�) 56.2 52.0−62.9 60.1 54.1−66.6 0.07

WB impedance (�) 519.2 480.6−566.7 590.6 542.8−633.1 <0.001

WB PhA (◦) 6.3 6.1−6.4 5.7 5.6−5.9 <0.0001

ASM/Height2 (kg/m2) 7.05 6.6−7.4 5.9 5.6−6.4 <0.001

ASMM (kg) 20.9 19.3−23.2 1.2 14.6−18.2 <0.001

EFI 96.0 92.5−99.0 98.6 95.8−106.2 0.019

EFIzScore −0.24 −0.451-−0.05 −0.08 −0.25−0.4 0.015

Peak power (W/kg) 38.8 36.040−40.5 32.91 29.5−35.2 <0.0001

Peak Accel (W/kg) 2.2 2.164−2.2 2.06 2.0−2.1 0.002

H max CMJ (m) 0.35 0.340−0.37 0.29 0.26−0.30 <0.0001

Hmin CMJ (m) −0.29 −0.31−0.28 −0.25 −0.27−0. 20 <0.0001

BMI, body mass index; BFM, body fat mass; PBF, percent body fat; FFM, fat-free mass; TBW, total body water; ICW, intracellular water; ECW, extracellular water; ASM,
appendicular skeletal muscle; ASMM, appendicular skeletal muscle mass; WB, whole body; PhA, phase angle; EFI, Esslingen fitness index; CMJ, countermovement jump;
H_max_CMJ, jump height in CMJ; H_min_CMJ, countermovement depth in CMJ.
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mathematical integrations from force F to velocity (
∫

F/m)
and to speed (

s
F/m) (Davies and Rennie, 1968; Rittweger

et al., 2007). Power is then computed as the product of force
and velocity, and the peak jump power is the greatest power
observed during the push phase, normalized to body mass. Peak
power is then normalized by the published reference data to
yield the “Esslinger” fitness index (EFI), for which a value of
100% indicates an average age-adjusted result (Ward et al., 2009).
Meanwhile, the validity of the EFI has been confirmed in several
studies that included North-American, Korean and Japanese
cohorts (Tsubaki et al., 2009; Hong et al., 2020). In addition to
peak power and the EFI, the Leonardo software also automatically
computes the height of the jump (Hmax) and the depth of the
countermovement (Hmin). It is important to notice that Hmax is
dependent on Hmin, but that peak jump power and EFI are not
(Salles et al., 2011).

Participants commenced the test with a few warm-up jumps,
after which they were asked to perform three maximal vertical
jumps, with the instruction to raise the body as high as possible in
the air. Subjects were given 30 to 90 s between jumps according
to their own preference. Arms were allowed to swing freely, as
long as no exaggerated movements were performed that could
lead to an unnatural increase of jump height. After each jump, the
validity of the result was ascertained on basis of the displacement

curve being back to 0, and jumps were rejected if this criterion
was not fulfilled. All jump tests were performed by the same
investigator (E.M.) throughout the study.

Body Composition
All participants were subjected to Bioelectrical Impedance
Analyzer (Inbody S10, South Korea) with a segmental multi-
frequency approach (1 kHz, 5 kHz, 50 kHz, 250 kHz,
500 kHz, and 1 MHz), following the manufacturer’s guidelines,
and also following recommendations for clinical application
of bioelectrical impedance analysis (Kyle et al., 2004). All
participants were asked not to take any foods or drinks and
to avoid strenuous activity within 4 h before the testing. All
parameters of BIA testing were obtained after removal of any
metal parts from the body, and using a standard montage of
outer and inner electrodes on the right hand and foot while
patients lay down during 10 min before measurement with
legs apart. Whole-body resistance (R) and reactance (Xc) were
obtained by BIA using a single frequency, phase-sensitive 50 kHz.
From the physical measurement, the integrated Inbody software
computes body composition indicators including skeletal muscle
mass (SMM), percent skeletal muscle mass (PSSM), soft lean mass
(SLM), percentage of body fat (PBF), fat free mass (FFM), fat mass
(FM), percent FFM (PFFM), percent FM (PFM), intracellular

TABLE 2 | Body composition and vertical jump performance of athletes in different athletic specialties.

Variables Power (n = 135) Mixed (n = 40) Endurance (n = 69) p PC

Median IQR Median IQR Median IQR

Age (years) 56.0 47.0−65.0 65.0 52.5−71.0 57.0 50.0−64.2 0.064

Weight (kg) 71.7 66.3−79.1 67.0 58.5−75.4 63.5 57.3−72.0 <0.001 a.b

Height (cm) 171.9 166.0−177.2 170.2 165.2−178.2 167.2 161.2−172.0 0.001 b.c

BMI (kg/m2) 24.5 22.8−25.9 22.6 20.6−25.1 22.9 21.2−24.6 0.001 b

BFM (kg) 27.2 19.3−35.6 27.5 22.3−36.0 32.0 25.1−39.5 0.54

PBF (%) 20.0 14.3−25.5 18.2 14.7 −21.0 20.1 16.8−25.8 0.65

FFM (kg) 57.5 49.9−64.9 53.6 48.0−58.5 50.5 45.0−56.3 <0.001 b.c

FFM (%) 79.9 74.5−85.6 81.7 77.0−85.3 79.9 74.2−83.1 0.64

TBW (%) 42.2 36.8−47.7 39.3 35.3−42.9 37.3 33.1−41.2 <0.001 b

ECW (%) 15.9 14.2−17.9 15.0 13.6−16.7 14.2 12.7−15.8 <0.001 b.c

ICW (%) 26.3 22.7−29.7 24.4 21.5−26.6 22.9 20.1−25.5 <0.001 a.b

WB resistance (�) 526.1 478.7−584.8 561.4 509.0−606.7 559.8 513.7−598.5 0.012 b

WB reactance (�) 57.0 52.9−63.2 57.5 50.1−65.2 58.8 53.1−65.5 0.66

WB impedance (�) 527.6 482.4−587.6 564.4 513.3−610.9 563.0 516.6−602.2 0.013 b

WB_PhA (◦) 6.3 5.7−6.9 5.8 5.4−6.3 5.7 5.3−6.2 <0.001 a.b

ASM/Height2 (kg/m2) 6.9 6.2−7.3 6.5 5.7−7.0 6.7 5.9−7.0 0.011 a. b

ASMM (kg) 20.4 17.5−22.9 18.7 15.1−20.7 19.1 16.2−21.1 0.017 b

EFI 105.6 94.9−119.1 95.7 87.2−107.1 83.8 73.0−92.5 <0.001 a.b.c

EFIzScore 0.3 −0.3−1.1 −0.2 −0.7−0.4 −0.9 −1.6−0.4 <0.001 a.b.c

Peak power (g) 41.4 35.0−47.4 34.2 29.6−38.9 30.7 27.8−33.7 <0.001 a.b.c

Peak accel (g) 2.2 2.0−2.5 2.1 2.0−2.3 2.0 1.8−2.2 <0.001 a.b

H max CMJ (cm) 0.3 0.3−0.4 0.3 0.2−0.3 0.2 0.2−0.3 <0.001 a.b

H min CMJ (cm) −0.2 −0.3−0.2 −0.2 −0.3 to −0.2 −0.2 −0.3−0.2 0.58

BMI, body mass index; BFM, body fat mass; PBF, percent body fat; FFM, fat-free mass; PFFM, percent Fat-free mass; TBW, total body water; ICW, intracellular water;
ECW, extracellular water; ASM, appendicular skeletal muscle; ASMM, appendicular skeletal muscle mass; WB, whole body; PhA, phase angle; EFI, Esslingen fitness
index; CMJ, countermovement jump; H_max_CMJ, jump height in CMJ; H_min_CMJ, countermovement depth in CMJ; PC, pairwise comparisons (a, diff power vs.
mixed; b, diff power vs. endurance; c, diff mixed vs. endurance).
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FIGURE 1 | Age dependency of vertical jump test performance of Master Athletes. At left: Comparison of variables by gender. At right: Comparisons of variables by
sport specialty. Regression lines and equations are represented and consigned when they are significant (see correlation coefficients between variables in
Tables 3A,B).

Frontiers in Physiology | www.frontiersin.org 5 April 2021 | Volume 12 | Article 643649

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-643649 March 29, 2021 Time: 10:55 # 6

Alvero-Cruz et al. Body Composition and Vertical Jump

TABLE 3 | (A) Spearman’s rank correlation coefficients between age and vertical jump performance stratified by sex. (B) Spearman’s rank correlation coefficients
between age and vertical jump performance stratified by athletic specialty.

(A)

Variable Group n Peak power CMJ Peak Acc CMJ H max CMJ H min CMJ EFI

Age All 238 −0.53*** −0.25*** −0.56*** 0.34*** 0.13*

Male 153 −0.59*** −0.29** −0.66*** 0.39*** 0.27**

Female 85 −0.68*** −0.29*** −0.69*** 0.44*** −0.08

(B)

Group n Peak power CMJ Peak Acc CMJ H max CMJ H min CMJ EFI

Age Power 131 −0.65*** −0.27* −0.66*** 0.35*** 0.08

Mixed 36 −0.59** −0.28 −0.62*** 0.41* 0.41*

Endurance 65 −0.43** −0.24 −0.43** 0.21 0.30*

Acc, acceleration; CMJ, countermovement jump; H, height; EFI, Esslingen fitness index. *P < 0.05, **P < 0.001, ***P < 0.0001.

water (ICW), extracellular water (ECW), total body water
(TBW), mineral content, and protein content. Phase angle was
calculated using the following equation: phase angle (◦) = arctan
(reactance/resistance) × (180/π). Phase angle has been proposed
as an indicator of body cell mass and integrity (Barbosa-Silva and
Barros, 2005). Short-term precision (calculated as the coefficient
of variation) on repeated R and Xc was 0.31% and 0.77%,
respectively. BIA measurements were used to assess muscle mass.
Using resistance and reactance measured by BIA, apendicular
skeletal muscle mass (ASMM) was estimated using the Sergi’s
equation (Sergi et al., 2015). Appendicular muscle mass index
(ASMI, kg/m2) was calculated by dividing ASMM by height in
squared meter.

Data Management
Basic assessment data were collected with a customized Redcap
data base (Harris et al., 2009, 2019). All personal identifiable
data were exclusively stored on a separate safe server, together
with a unique MAFS-18 pseudonymized identifier. These
pseudonymized identifiers were used within the Leonardo (jump
test) and Inbody (BIA) data bases, and data from the Redcap,
Leonardo and BIA data bases were merged with customized
R-scripts2.

From the 3 jumps performed by each athlete, we selected
the jump with greatest height for further analysis. Athletic
specializations were grouped into power, mixed, and endurance
events, based on subjective rating of the best event by each
athlete. Thus, there was only one data set for all variables
per participant.

Statistical Analyses
Normality was analyzed using the Kolmogorov-Smirnov test.
Asociations between variables were assessed using Spearman’s
rank correlation coefficients. For all correlation analyses,
residuals were examined with residual plots and quantile-
quantile plots in order to check for linearity of the relationship.
This can be confirmed for all correlation results reported
here. The following criteria were adopted to interpret the

2www.r-project.org/

magnitude of the correlations: r < 0.1, trivial; 0.1 < r ≤ 0.3,
small; 0.3 < r ≤ 0.5, moderate; 0.5 < r ≤ 0.7, large;
0.7 < r ≤ 0.9, very large; and r > 0.9, almost perfect
(Hinkle et al., 2003).

Mann Withney U test were performed for comparisons
between sexes. A one-way ANOVA with post hoc of Student-
Newman–Keul or Kruskall-Wallis test with post hoc of
Conover, when appropriate were applied to test differences
between athletic specializations (Power = sprinters, throwers
and jumpers; Mixed = middle-distance, combined events,
and Endurance = 5,000 m, 10,000 m, road walk, and
marathon). Variables significantly associated with jump test
performance (independent variables) were included in a stepwise
multiple regression analysis to estimate the predictors of
jump performance test (dependent variables). These variables
were selected because they did not violate the collinearity
diagnosis (variance inflation factor < 10 and tolerance > 0.2)
(Kutner et al., 2004).

Descriptive and correlation statistical analyses were carried
out with the MedCalc statistical software, version 19.4.0 (Ostend,
Belgium). The data are presented as medians and 95% confidence
intervals (CI). Multiple regression analyses were also replicated
with the “lm” command within the R-software (see text footnote
2), and partial R2-values were assessed with the function “r2beta”
of the R-package “r2glmm.” A P < 0.05 was considered for
statistical significance. Finally, partial correlation analyses were
performed with the R-software, in order to establish whether
residuals of the regression between jump performance variables
(peak power, EFI, Hmax and Hmin = dependent variables) and
athletic specialization, PFFM, and phase angle (= independent
variables) were correlated with age and sex.

RESULTS

Sex Differences in Body Composition
and Jump Test Performance
Anthropometric measures, body composition, and vertical jump
test performance of male and female masters athletes can be
seen in Table 1. As expected, males were heavier and taller than
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FIGURE 2 | Age dependency of body composition variables of Master Athletes. At left: Comparison of variables by gender. At right: Comparisons of variables by
sport specialty, WB PhA, whole body phase angle, regression lines, and equations are represented and consigned when they are significant (see correlation
coefficients in Tables 4A,B).
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TABLE 4 | (A) Spearman’s rank correlation coefficients between age and body composition stratified by sex. (B) Spearman’s rank correlation coefficients between age
and body composition stratified.

(A)

Variable Group n Weight PBF PSLM PFFM PSMM WB PhA

Age All 252 −0.03 0.29*** −0.28*** −0.29*** −0.34*** −0.59***

Male 161 −0.18* 0.36*** −0.35*** −0.35*** −0.45*** −0.68***

Female 91 −0.04 0.28* −0.27* −0.28* −0.37** −0.65***

(B)

Age Power 134 −0.10 0.38*** −0.38*** −0.39*** −0.44*** −0.69***

Mixed 40 0.10 0.14 −0.13 −0.14 −0.25 −0.48*

Endurance 65 0.06 0.06 −0.05 −0.06 −0.15 −0.43**

PBF, percent body fat; PSLM, percent soft lean mass; PFFM, percent fat-free mass; PSMM, percent skeletal muscle mass; WB PhA, phase angle whole body. *P <0.05,
**P < 0.001, ***P < 0.0001.

TABLE 5 | Spearman’s rank correlation coefficients between percent body fat and phase angle with vertical jump performance in male and female athletes.

Variable Group n Peak power CMJ Peak Acc CMJ H max CMJ H min CMJ EFI

PBF Male 150 −0.36*** −0.21* −0.45*** 0.24* −0.14*

Female 83 −0.55*** −0.36** −0.49*** 0.41*** −0.45***

WB PhA Male 150 0.67*** 0.37*** 0.67*** −0.32*** 0.10

Female 83 0.81*** 0.26* 0.83*** −0.47*** 0.44***

Acc, acceleration; CMJ, countermovement jump; H, height; EFI, Esslingen fitness index; PBF, percent body fat; WB PhA, whole body phase angle. *P < 0.05, **P < 0.001,
***P < 0.0001.

females (P < 0.001). All body composition variables, except fat
mass (P = 0.67), have higher values in males compared with
females (P < 0.0001). All the variables derived from the vertical
jump test were greater in male than in female masters athletes (all
P < 0.05).

Body Composition and Jump Test
Performance Among Athletes With
Different Athletic Specialization
Age, percentage of body composition variables, including body
fat, soft lean mass, fat-free mass, and skeletal muscle mass
were not different between sport disciplines (all, P > 0.05).
Body composition variables expressed in kg (FFM, SLM)
were significantly different between the groups (see pairwise
comparisons in Table 2), (all P < 0.0001). Most vertical jump
test performance variables except for Hmin were significantly
different between the athletic groups (P < 0.001).

Age-Related Changes in Vertical Jump
Performance
The age-related rates of declines in maximum power and Hmax
in vertical jump performance were similar in both male and
female athletes as evidenced by similar slopes (Figure 1). When
masters athletes were divided into different athletic specialties,
power and mixed athletes demonstrated greater decreases in
vertical jump performance than endurance athletes. The age-
associated decreases in peak acceleration were similar between
sexes but were statistically greater in the Power group. Age-
related effects in Hmin were similar between sexes (equal slopes);

these effects were significant in the power and mixed groups
(Tables 3A,B).

Age-Related Changes in Body
Composition
Body composition variables including body weight, PSLM, PFFM
(all, small correlations) and whole-body phase angle (moderate
correlation) were inversely and percent body fat was directly
correlated with age (Figure 2). The highest correlation with age
was observed with phase angle (r = 0.42 to 0.69, all P < 0.001)
as shown in Tables 4A,B. Body weight tended to decrease with
increasing age in the group of males but not in females. There
was no difference in age-related changes in body weight among
different athletic groups (P < 0.05).

Relations Between Body Composition
and Vertical Jump Performance
Percent body fat was inversely correlated with vertical jump
performance (r = −0.13 to −0.55, all P < 0.05) except Hmin that
had direct correlation. In general, greater degrees of correlations
were seen in female athletes than in male athletes (Table 5 and
Figure 3).

Relation Between Phase Angle and
Vertical Jump Performance
Phase angle presented moderate correlations in males (r = −0.32
to 0.67, P < 0.0001) and larger correlation coefficients in females
(r = −0.47 to 0.82, P < 0.0001) with vertical jump performance
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FIGURE 3 | Body composition dependency of vertical jump test variables of master athletes. At left, percent body fat dependency of vertical jump test variables.
Comparison of variables by gender. At right, Phase angle dependency of vertical jump test variables. Comparisons of variables by gender, WB PhA, whole body
phase angle, regression lines, and equations are represented and consigned when they are significant (see correlation coefficients in Table 5).
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TABLE 6 | Multiple regression analyses to predict independent determinants of vertical jump performance.

Models n R2 R2-adj. MCC RSD

Peak power (W/kg) 227 0.75 0.75 0.87 4.60

Peak Accel (g) 226 0.23 0.22 0.48 0.26

H max CMJ (cm) 226 0.75 0.75 0.87 48.5

H min CMJ (cm) 227 0.26 0.25 0.56 0.06

EFI (%) 226 0.55 0.54 0.74 12.44

(A) Regression equation to predict peak power (W/kg)

Independent variables Coefficient Std. error T P VIF Partial R2

Constant (W/kg) 12.74 6.86 1.86 0.065

AthGr −4.022 0.372 −10.81 <0.0001 1.11 0.35

PFFM (%) 0.282 0.047 5.94 <0.0001 1.63 0.14

WB_PhA (◦) 4.008 0.605 6.63 <0.0001 2.55 0.17

Age (years) −0.201 0.036 −5.64 <0.0001 2.01 0.13

Sex −2.893 0.762 −3.80 0.00019 1.48 0.06

(B) Regression equation to predict peak acceleration (g)

Independent variables Coefficient Std. error T P VIF Partial R2

Constant (g) 1.063 0.205 5.18 <0.0001

WB_PhA 0.093 0.026 3.625 0.0004 1.33 0.06

AthGr −0.075 0.021 −3.61 0.0004 1.07 0.06

PFFM 0.0088 0.0026 3.329 0.0010 1.25 0.05

(C) Regression equation to predict Hmax CMJ (cm)

Independent variables Coefficient Std. error T P VIF Partial R2

Constant (cm) −14.37 11.72 −1.23 0.22

AthGr −3.06 0.405 −7.12 <0.0001 1.19 0.21

Age (years) −0.271 0.038 −7.55 <0.0001 2.02 0.19

PFFM (%) 0.515 0.086 5.98 <0.0001 4.20 0.14

BMI (kg/m2) 0.684 0.196 3.49 0.0006 2.87 0.05

Sex −3.144 0.900 −3.45 0.0006 1.90 0.05

WB_PhA (◦) 2.642 0.708 23.73 0.0002 3.31 0.06

(D) Regression Equation to predict Hmin CMJ (cm)

Independent variables Coefficient Std. error T P VIF Partial R2

Constant (cm) −2.20 7.35 −0.30 0.76

PSLM 0.284 0.072 −3.98 <0.0001 1.29 0.07

Age 0.134 0.046 289 0.0043 1.57 0.04

WB_PhA −1.86 0.77 −2.42 0.016 1.80 0.02

(E) Regression equation to predict EFI (%)

Independent variables Coefficient Std. error T P VIF Partial R2

Constant (%) −65.7 18.6 −3.53 0.0005

AthGr −10.6 1.01 −10.6 <0.0001 1.11 0.34

Sex 18.3 2.06 8.88 <0.0001 1.47 0.26

Age (years) 0.747 0.096 8.03 <0.0001 2.01 0.23

PFFM (%) 0.814 0.128 6.34 <0.0001 1.62 0.16

WB_PhA (◦) 7.983 1.639 4.87 <0.0001 2.41 0.10

Accel, acceleration; AthGr, athletic group (1, power; 2, mixed; and 3, endurance); EFI, Esslingen fitness index; Hmin, depth of the countermovement; Hmax, jump height;
MCC, multiple correlation coefficient; PFFM, percent fat-free mass; PFMM, percent fat-free mass; PSLM, percent soft lean mass; R2, coefficient of determination; R2-
adj, R2 adjusted; RSD, residual standard deviation; Sex, 0 for female and 1 for male; VIF, variance inflation factor; WB_PhA, whole body phase angle.
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variables. Esslingen fitness Index (EFI) was correlated with phase
angle in females but not in males (Table 5 and Figure 3).

Independent Determinants of Vertical
Jump Performance
Table 6 features the multiple linear regression analyses showing
independent predictor variables for vertical jump performance,
including age, sex, athletic group, and body composition
variables (stepwise method). Seventy five percent of the variance
(P < 0.001) in peak power was explained by age, athletic
group, sex, PFFM and whole body phase angle. The same
independent variables plus BMI were predictors of Hmax
(R2 = 0.75, P < 0.001). Coefficients of determination for peak
acceleration (R2 = 0.23, P < 0.001) and Hmin (R2 = 0.31,
P < 0.001) were small to moderate, and for EFI (R2 = 0.55,
P < 0.001) large.

Partial correlation analyses yielded a significant correlation of
the residuals of the model peak power = athletic specialization
+ PFFM + phase angle + error were significantly correlated
with age (P < 0.001), but not with sex (P = 0.08), suggesting
that body composition and athletic specialization fully explain
sex effects but not age effects in the current peak power data
set. For Hmax, by contrast, both age (P < 0.001) and sex
(P = 0.005) were correlated with residuals, and Hmin also showed
weakly significant partial correlations for age (P = 0.018) and sex
(P = 0.12) (Table 6).

Finally, looking at the relationship between fat-free mass and
the predicted skeletal mass, correlation coefficients of 0.9985
and of 0.985 were found (both P < 0.001) for SMM vs. FFM
and for PSSM vs. PFFM, respectively. According to the obtained
regression coefficients, SMM was linked to −2.8 kg + 0.607
∗ FFM, and PSSM was linked to −4.3% + 0.610 ∗ PFFM in
the present data.

DISCUSSION

The present study has demonstrated the expected relationship of
age and sex on peak vertical jump power, which had previously
been demonstrated in a non-athletic cohort (Siglinsky et al., 2015)
aged 27–96 years, as well as in an masters athletes (Michaelis et al.,
2008). In addition, we provided novel data on body composition
in competitive masters athletes. Although previous studies on
this topic had either used technology that is no longer state-
of-the art (Grassi et al., 1991) or had included much smaller
study samples than the present study (Pollock et al., 1987, 1997;
Korhonen et al., 2003), these previous studies are in agreement
with the present results that the relative fat content increases
with increasing age even in competitive masters athletes. Thus,
the present data suggest an age-related exaggeration in body fat
percentage by 2.0 % (SE 0.4%) per decade, a change that is in
remarkably good agreement with a previous longitudinal study in
masters distance runners (Pollock et al., 1997). Notably, subjects
were generally well hydrated (Table 1).

The question arises in which organs and compartments of the
masters athletes it is that these lipids accumulate over time. From
the physical appearance of most masters athletes, one does not

have the impression that this accumulation would be occurring in
the subcutaneous or abdominal adipose tissue. Previous studies
in which we used peripheral quantitative computed tomography
in masters athletes likewise did not reveal eye-striking expansion
of subcutaneous adipose tissue in the leg or forearm at old
age (Wilks et al., 2009). We therefore favor the explanation by
age-related myosteatosis, which is nowadays a well-established
phenomenon at old age (Miljkovic and Zmuda, 2010), and
which seems to be related to unfavorable metabolic alterations
(Zoico et al., 2013).

Of all the variables derived from BIA, it was notably the
50kHz phase angle that depicted the greatest correlation with
age. This resonates with a previous study that found phase angle
and muscle cell mass were significant predictors of vertical jump
performance in a non-athletic cohort aged 26–76 years (Yamada
et al., 2017). Generally, the use of BIA has gained momentum
in nutritional studies, and phase angle is a direct measure
of BIA that is not influenced by algorithmic computations to
assess body composition compartments (Bosy Westphal et al.,
2006). Phase angle is thus a robust variable of its own interest
in BIA because it is not dependent on height and weight.
In addition, these measurements are related to cell membrane
function, and they are an indicator of tissue hydration and
nutritional condition (Barbosa-Silva and Barros, 2005). Phase
angle reflects the electrical property of the tissues, whereby low
values are associated with reduced cell unity, and higher values
are associated with active cell mass, indicating an adequate state
of health (Selberg and Selberg, 2002). Phase angle variability
is related to cell composition and function as well as the
redistribution of fluids and their changes through the interstitial
spaces (Baumgartner et al., 1988). Bioelectrical impedance-
derived phase anngle has been used to assess cellular health in
various populations, and also as a tool for predicting muscular
performance in the general population and in adult athletes
(Hetherington-Rauth et al., 2020). For BIA measurements,
participants were placed in a supine position for 10 min.
Participants were also instructed to be on a fast conditions and
a rest period of 12 h. Phase angle (PhA), a raw parameter derived
from bioelectric impedance analysis (BIA), has been used as a
marker for cellular functioning and to determine people’s health
status, with applications in many clinical populations (Bosy
Westphal et al., 2006). PhA has been correlated with muscle mass
(Basile et al., 2014) as well as its characteristics (Cunha et al.,
2018). Moreover, phase angle predicts the intracellular water pool
(Francisco et al., 2020), as well as muscle strength and power in
young athletes (Francisco et al., 2020).

Turning to the main objective of this study, namely the
inter-relationship between body composition and the age-related
decline in vertical jump power, multiple regression analysis has
confirmed the initial hypothesis that the age-related decline in
jump power is partly explained by lack of muscle mass. This is
evidenced by the fact that PFFM and whole-body phase angle had
a partial R2-values of 0.14 and 0.17, respectively (see Table 6A).
Thus, these two BIA-derived measures each contributed more
determination to the model than age (partial R2 = 0.13). PFFM
was highly correlated with PSSM in the present data, and this
strongly suggests that sarcopenia and potentially also age-related
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lipid accumulation are important factors in dynapenia as assessed
by peak jump power. The fact that age still retained a substantial
partial R2 in that multiple regression suggests that sarcosthenia
(i.e., age-related muscle properties) is an independent another
causative factor. Finally, it is pointed out here that the greatest
determination was exerted by athletic specialization (partial
R2 = 0.34). This implies that athletes maintain their athletic
predisposition, and that power athletes have greater jump power
than mixed event or endurance athletes throughout their lifespan.

Results for jump height, the second most informative value
from the vertical jump test, share many similarities with
results for peak power, namely strong determination by athletic
specialization, age, PFFM, sex, and phase angle. It needs to be
considered, though, that jump height is strongly affected by the
countermovement depth (Vanrenterghem et al., 2004; Salles et al.,
2011), which was assessed as Hmin in this study, and did not
vary greatly with age (partial R2 = 0.07). However, given that
the algorithmic computation is more robust for power than for
height, peak power seems a better choice as study endpoint
than jump height.

Finally, it is interesting to see that unlike the other
aforementioned studies (Tsubaki et al., 2009; Hong et al., 2020),
EFI depicted an age-trend, albeit a moderate one. As can be
seen in Figure 1, older age was associated with greater EFI-
values. These obvious positive deviations from the age-related
decline in neuromuscular power observed here may suggest
that masters athletes benefit from some sparing effect through
their continued and often life-long athletic participation. When
applying the cut-off values, that were found by Hong et al.
(2020) in an inter-cultural comparison in vertical jumping power
(19 W/kg and 23.8 W/kg for women and men, respectively),
and the cut-off values for appendicular skeletal muscle mass
by bio-electrical impedance we found only one subject within
our cohort of over 200 participants who fulfilled the criterion
for sarcopenia (Cruz-Jentoft et al., 2010). This was race walker
in his 8th decade of life with body mass index of 23.9
and 28% body fat.

Limitations
The present study has been a field study, and it was thus
impossible to use dual energy x-ray absorptiometry (DEXA) for
estimation of lean mass. However, DEXA is associated with a
risk of radiation exposure, and one cannot study women who
are potentially pregnant. Moreover, the Inbody S10 machine
used in the present study for bioelectrical impedance analysis
hast demonstrated good validity against DEXA measurements
in an elderly population. Thus, we argue that bio-impedance
measurements are an acceptable compromise for a field study.
One could also ask why there has been no “control” group
in the study. However, the comparator in the present study
has been the athletic group, as our specific interest was to
study the contribution of body composition effects to physical
performance decline in aging athletes. However, there were
only 5 participants in the present study who were older than
80 years, and only 31 were older than 70 years, so that no

conclusions can be drawn on the prevalence of sarcopenia in the
masters athletes.

In conclusion, the present study has provided evidence from
240 highly trained track and field athletes to suggest that muscle
loss and fat accumulation are occurring also in this population, as
in the general population. Reduced muscle mass and accumulated
fat both explain significant portions of the age-related decline in
vertical jumping performance. However, age remained strongly
significant in partial correlation analysis for peak power after
adjustment for PFFM, phase angle and athletic specialization. The
effects of sex, conversely, upon peak power were fully explained
by body composition and athletic specialization, which enhances
our trust in the present results. The present data are therefore
compatible with sarcosthenia as an additional, age-related factor
to account for dynapenia. Future studies should explore to which
extent the combined assessment of vertical jump power and body
composition can be used to assess an individual’s fitness, and
whether the information obtained is predictive of hard clinical
endpoints such as bad health, dysmobility, and death.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Ethical Committee of the North Rhine
Medical Association (Ärztekammer Nordrhein lfd Nr
2018171). The study was registered with the German
register for clinical trials (www.drks.de) with identifier
DRKS00015172 before the commencement of the study. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

JR designed the experiment. MB, EM, JV, HT, PC, JA-C, SM, and
PF-M recruited the subjects and performed the experiments. UM
and JR processed the data. JA-C and JR analyzed the data and
drafted the manuscript. JA-C, HT, PC, JT, and JR critical revision
of the article for important intellectual content. All authors gave
final approval of the version to be submitted.

ACKNOWLEDGMENTS

The authors are grateful to Alvaro del Pozo and Daniel
Pérez Martínez of the Royal Athletic Spanish Federation,
World Masters Athletics (WMA), and naturally to all
study participants.

Frontiers in Physiology | www.frontiersin.org 12 April 2021 | Volume 12 | Article 643649

http://www.drks.de
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-643649 March 29, 2021 Time: 10:55 # 13

Alvero-Cruz et al. Body Composition and Vertical Jump

REFERENCES
Barbosa-Silva, M. C. G., and Barros, A. J. D. (2005). Bioelectrical

impedance analysis in clinical practice: a new perspective on its
use beyond body composition equations. Curr. Opin. Clin. Nutr.
Metab. Care 8, 311–317. doi: 10.1097/01.mco.0000165011.699
43.39

Basile, C., Della-Morte, D., Cacciatore, F., Gargiulo, G., Galizia, G., Roselli, M.,
et al. (2014). Phase angle as bioelectrical marker to identify elderly patients
at risk of sarcopenia. Exp. Gerontol. 58, 43–46. doi: 10.1016/j.exger.2014.
07.009

Baumgartner, R. N., Chumlea, W. C., and Roche, A. F. (1988). Bioelectric
impedance phase angle and body composition. Am. J. Clin. Nutr. 48, 16–23.
doi: 10.1093/ajcn/48.1.16

Baumgartner, R. N., Koehler, K. M., Gallagher, D., Romero, L., Heymsfield, S. B.,
Ross, R. R., et al. (1998). Epidemiology of sarcopenia among the elderly in
New Mexico. Am. J. Epidemiol. 147, 755–763. doi: 10.1093/oxfordjournals.aje.
a009520

Bosy Westphal, A., Danielzik, S., Dörhöfer, R. P., Later, W., Wiese, S., and Müller,
M. J. (2006). Phase angle from bioelectrical impedance analysis: population
reference values by age, sex, and body mass index. J. Parenter. Enter. Nutr. 30,
309–316. doi: 10.1177/0148607106030004309

Correa-de-Araujo, R., Addison, O., Miljkovic, I., Goodpaster, B. H., Bergman, B. C.,
Clark, R. V., et al. (2020). Myosteatosis in the context of skeletal muscle function
deficit: an interdisciplinary workshop at the national institute on aging. Front.
Physiol. 7:963. doi: 10.3389/fphys.2020.00963

Cruz-Jentoft, A. J. (2013). Perspective: protein and exercise for frailty and
sarcopenia: still learning. J. Am. Med. Dir. Assoc. 14, 69–71. doi: 10.1016/j.
jamda.2012.09.024

Cruz-Jentoft, A. J., Baeyens, J. P., Bauer, J. M., Boirie, Y., Cederholm, T., Landi, F.,
et al. (2010). Sarcopenia: European consensus on definition and diagnosis. Age
Ageing 39, 412–423. doi: 10.1093/ageing/afq034

Cunha, P. M., Tomeleri, C. M., Nascimento, M. A. d, Nunes, J. P., Antunes, M.,
Nabuco, H. C. G., et al. (2018). Improvement of cellular health indicators
and muscle quality in older women with different resistance training volumes.
J. Sports Sci. 36, 2843–2848. doi: 10.1080/02640414.2018.1479103

Davies, C. T. M., and Rennie, R. (1968). Human power output. Nature 217,
770–771. doi: 10.1038/217770a0

Dawson, A., and Dennison, E. (2016). Measuring the musculoskeletal aging
phenotype. Maturitas 93, 13–17. doi: 10.1016/j.maturitas.2016.04.014

Fiatarone, M. A., O’Neill, E. F., Ryan, N. D., Clements, K. M., Solares, G. R.,
Nelson, M. E., et al. (1994). Exercise training and nutritional supplementation
for physical frailty in very elderly people. N. Engl. J. Med. 330, 1769–1775.
doi: 10.1056/nejm199406233302501

Francisco, R., Matias, C. N., Santos, D. A., Campa, F., Minderico, C. S., Rocha, P.,
et al. (2020). The predictive role of raw bioelectrical impedance parameters in
water compartments and fluid distribution assessed by dilution techniques in
athletes. Int. J. Environ. Res. Public Health 17:759. doi: 10.3390/ijerph17030759

Goodpaster, B. H., Carlson, C. L., Visser, M., Kelley, D. E., Scherzinger, A., Harris,
T. B., et al. (2001). Attenuation of skeletal muscle and strength in the elderly:
the health ABC study. J. Appl. Physiol. 90, 2157–2165. doi: 10.1152/jappl.2001.
90.6.2157

Grassi, B., Cerretelli, P., Narici, M. V., and Marconi, C. (1991). Peak anaerobic
power in master athletes. Eur. J. Appl. Physiol. Occup. Physiol. 62, 394–399.
doi: 10.1007/BF00626609

Hardcastle, S. A., Gregson, C. L., Rittweger, J., Crabtree, N., Ward, K., and Tobias,
J. H. (2014). Jump power and force have distinct associations with cortical
bone parameters: Findings from a population enriched by individuals with
high bone mass. J. Clin. Endocrinol. Metab. 99, 266–275. doi: 10.1210/jc.2013-
2837

Harris, P. A., Taylor, R., Minor, B. L., Elliott, V., Fernandez, M., O’Neal, L., et al.
(2019). The REDCap consortium: building an international community of
software platform partners. J. Biomed. Inform. 96:103208. doi: 10.1016/j.jbi.
2019.103208

Harris, P. A., Taylor, R., Thielke, R., Payne, J., Gonzalez, N., and Conde, J. G. (2009).
Research electronic data capture (REDCap)-A metadata-driven methodology
and workflow process for providing translational research informatics support.
J. Biomed. Inform. 42, 377–381. doi: 10.1016/j.jbi.2008.08.010

Hetherington-Rauth, M., Leu, C. G., Júdice, P. B., Correia, I. R., Magalhães, J. P.,
and Sardinha, L. B. (2020). Whole body and regional phase angle as indicators
of muscular performance in athletes. Eur. J. Sport Sci. 7, 1–22. doi: 10.1080/
17461391.2020.1858971

Hinkle, D., Wiersma, W., and Jurs, S. (2003). Applied Statistics for the Behavioural
Sciences, 5 Edn. Boston, MA: Houghton Mifflin Boston.

Hong, N., Siglinsky, E., Krueger, D., White, R., Kim, C. O., Kim, H. C., et al.
(2020). Defining an international cut-off of two-legged countermovement jump
power for sarcopenia and dysmobility syndrome. Osteoporos. Int. 7, 483–493.
doi: 10.1007/s00198-020-05591-x

Korhonen, M. T., Mero, A., and Suominen, H. (2003). Age-related differences in
100-m sprint performance in male and female master runners. Med. Sci. Sports
Exerc. 35, 1419–1428. doi: 10.1249/01.MSS.0000079080.15333.CA

Kutner, M., Nachtsheim, C., and Neter, J. (2004). Applied Linear Regression Models,
4 Edn. Toronto, ON: Irwin.

Kyle, U. G., Bosaeus, I., De Lorenzo, A. D., Deurenberg, P., Elia, M., Gómez, J. M.,
et al. (2004). Bioelectrical impedance analysis–part I: review of principles and
methods. Clin. Nutr. 23, 1226–1243. doi: 10.1016/j.clnu.2004.06.004

Liu, T. C., Liu, Y. Y., Lee, S., Da Huang, C. Y., Chien, K. Y., Cheng, I. S., et al. (2008).
Effects of short-term detraining on measures of obesity and glucose tolerance in
elite athletes. J. Sports Sci. 26, 919–925. doi: 10.1080/02640410801885925

Manini, T. M., and Clark, B. C. (2012). Dynapenia and aging: an update. J. Gerontol.
Ser. Biol. Sci. Med. Sci. 67, 27–40. doi: 10.1093/gerona/glr010

Michaelis, I., Kwiet, A., Gast, U., Boshof, A., Antvorskov, T., Jung, T., et al.
(2008). Decline of specific peak jumping power with age in master runners.
J. Musculoskelet. Neuronal Interact. 8, 64–70.

Miljkovic, I., and Zmuda, J. M. (2010). Epidemiology of myosteatosis. Curr. Opin.
Clin. Nutr. Metab. Care 13, 260–264. doi: 10.1097/MCO.0b013e328337d826

Narici, M. V., and Maffulli, N. (2010). Sarcopenia: characteristics, mechanisms and
functional significance. Br. Med. Bull. 95, 139–159. doi: 10.1093/bmb/ldq008

Newman, A. B., Kupelian, V., Visser, M., Simonsick, E. M., Goodpaster, B. H.,
Kritchevsky, S. B., et al. (2006). Strength, but not muscle mass, is associated with
mortality in the health, aging and body composition study cohort. J. Gerontol.
Ser. Biol. Sci. Med. Sci. 61, 72–77. doi: 10.1093/gerona/61.1.72

Pollock, M. L., Foster, C., Knapp, D., Rod, J. L., and Schmidt, D. H. (1987). Effect of
age and training on aerobic capacity and body composition of master athletes.
J. Appl. Physiol. 62, 725–731. doi: 10.1152/jappl.1987.62.2.725

Pollock, M. L., Mengelkoch, L. J., Graves, J. E., Lowenthal, D. T., Limacher, M. C.,
Foster, C., et al. (1997). Twenty-year follow-up of aerobic power and body
composition of older track athletes. J. Appl. Physiol. 82, 1508–1516. doi: 10.
1152/jappl.1997.82.5.1508

Rittweger, J., Felsenberg, D., Maganaris, C., and Ferretti, J. L. (2007). Vertical
jump performance after 90 days bed rest with and without flywheel resistive
exercise, including a 180 days follow-up. Eur. J. Appl. Physiol. 100, 427–436.
doi: 10.1007/s00421-007-0443-6

Rittweger, J., Kwiet, A., and Felsenberg, D. (2004a). Physical performance in aging
elite athletes – challenging the limits of physiology. J. Musculoskelet. Neuronal
Interact. 4, 159–160.

Rittweger, J., Schiessl, H., Felsenberg, D., and Runge, M. (2004b). Reproducibility of
the jumping mechanography as a test of mechanical power output in physically
competent adult and elderly subjects. J. Am. Geriatr. Soc. 52, 128–131. doi:
10.1111/j.1532-5415.2004.52022.x

Rossi, A. P., Watson, N. L., Newman, A. B., Harris, T. B., Kritchevsky, S. B.,
Bauer, D. C., et al. (2011). Effects of body composition and adipose tissue
distribution on respiratory function in elderly men and women: the health,
aging, and body composition study. J. Gerontol. Ser. Biol. Sci. Med. Sci. 66,
801–808. doi: 10.1093/gerona/glr059

Runge, M., Rittweger, J., Russo, C. R., Schiessl, H., and Felsenberg, D. (2004).
Is muscle power output a key factor in the age-related decline in physical
performance? A comparison of muscle cross section, chair-rising test and
jumping power. Clin. Physiol. Funct. Imaging 24, 335–340. doi: 10.1111/j.1475-
097X.2004.00567.x

Salles, A. S., Baltzopoulos, V., and Rittweger, J. (2011). Differential effects of
countermovement magnitude and volitional effort on vertical jumping. Eur. J.
Appl. Physiol. 111, 441–448. doi: 10.1007/s00421-010-1665-6

Selberg, O., and Selberg, D. (2002). Norms and correlates of bioimpedance phase
angle in healthy human subjects, hospitalized patients, and patients with liver
cirrhosis. Eur. J. Appl. Physiol. 86, 509–516. doi: 10.1007/s00421-001-0570-4

Frontiers in Physiology | www.frontiersin.org 13 April 2021 | Volume 12 | Article 643649

https://doi.org/10.1097/01.mco.0000165011.69943.39
https://doi.org/10.1097/01.mco.0000165011.69943.39
https://doi.org/10.1016/j.exger.2014.07.009
https://doi.org/10.1016/j.exger.2014.07.009
https://doi.org/10.1093/ajcn/48.1.16
https://doi.org/10.1093/oxfordjournals.aje.a009520
https://doi.org/10.1093/oxfordjournals.aje.a009520
https://doi.org/10.1177/0148607106030004309
https://doi.org/10.3389/fphys.2020.00963
https://doi.org/10.1016/j.jamda.2012.09.024
https://doi.org/10.1016/j.jamda.2012.09.024
https://doi.org/10.1093/ageing/afq034
https://doi.org/10.1080/02640414.2018.1479103
https://doi.org/10.1038/217770a0
https://doi.org/10.1016/j.maturitas.2016.04.014
https://doi.org/10.1056/nejm199406233302501
https://doi.org/10.3390/ijerph17030759
https://doi.org/10.1152/jappl.2001.90.6.2157
https://doi.org/10.1152/jappl.2001.90.6.2157
https://doi.org/10.1007/BF00626609
https://doi.org/10.1210/jc.2013-2837
https://doi.org/10.1210/jc.2013-2837
https://doi.org/10.1016/j.jbi.2019.103208
https://doi.org/10.1016/j.jbi.2019.103208
https://doi.org/10.1016/j.jbi.2008.08.010
https://doi.org/10.1080/17461391.2020.1858971
https://doi.org/10.1080/17461391.2020.1858971
https://doi.org/10.1007/s00198-020-05591-x
https://doi.org/10.1249/01.MSS.0000079080.15333.CA
https://doi.org/10.1016/j.clnu.2004.06.004
https://doi.org/10.1080/02640410801885925
https://doi.org/10.1093/gerona/glr010
https://doi.org/10.1097/MCO.0b013e328337d826
https://doi.org/10.1093/bmb/ldq008
https://doi.org/10.1093/gerona/61.1.72
https://doi.org/10.1152/jappl.1987.62.2.725
https://doi.org/10.1152/jappl.1997.82.5.1508
https://doi.org/10.1152/jappl.1997.82.5.1508
https://doi.org/10.1007/s00421-007-0443-6
https://doi.org/10.1111/j.1532-5415.2004.52022.x
https://doi.org/10.1111/j.1532-5415.2004.52022.x
https://doi.org/10.1093/gerona/glr059
https://doi.org/10.1111/j.1475-097X.2004.00567.x
https://doi.org/10.1111/j.1475-097X.2004.00567.x
https://doi.org/10.1007/s00421-010-1665-6
https://doi.org/10.1007/s00421-001-0570-4
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-643649 March 29, 2021 Time: 10:55 # 14

Alvero-Cruz et al. Body Composition and Vertical Jump

Sergi, G., De Rui, M., Veronese, N., Bolzetta, F., Berton, L., Carraro, S., et al. (2015).
Assessing appendicular skeletal muscle mass with bioelectrical impedance
analysis in free-living Caucasian older adults. Clin. Nutr. 34, 667–673. doi:
10.1016/j.clnu.2014.07.010

Siglinsky, E., Krueger, D., Ward, R. E., Caserotti, P., Strotmeyer, E. S., Harris,
T. B., et al. (2015). Effect of age and sex on jumping mechanography and other
measures of muscle mass and function. J. Musculoskelet. Neuronal Interact. 15,
301–308.

Stanaway, F. F., Gnjidic, D., Blyth, F. M., Le Couteur, D. G., Naganathan, V.,
Waite, L., et al. (2011). How fast does the Grim Reaper walk? Receiver operating
characteristics curve analysis in healthy men aged 70 and over. BMJ 15:d7679.
doi: 10.1136/bmj.d7679

Stenholm, S., Harris, T. B., Rantanen, T., Visser, M., Kritchevsky, S. B., and
Ferrucci, L. (2008). Sarcopenic obesity: definition, cause and consequences.
Curr. Opin. Clin. Nutr. Metab. Care 11, 693–700. doi: 10.1097/MCO.
0b013e328312c37d

Studenski, S., Perera, S., Patel, K., Rosano, C., Faulkner, K., Inzitari, M., et al. (2011).
Gait speed and survival in older adults. JAMA J. Am. Med. Assoc. 305, 50–58.
doi: 10.1001/jama.2010.1923

Tanaka, H., Tarumi, T., and Rittweger, J. (2019). Aging and physiological lessons
from master athletes. Compr. Physiol. 10, 261–296. doi: 10.1002/cphy.c180041

Tsubaki, A., Kubo, M., Kobayashi, R., Jigami, H., and Takahashi, H. E. (2009).
Normative values for maximum power during motor function assessment of
jumping among physically active Japanese. J. Musculoskelet. Neuronal Interact.
9, 263–267.

Vanrenterghem, J., Lees, A., Lenoir, M., Aerts, P., and De Clercq, D. (2004).
Performing the vertical jump: movement adaptations for submaximal jumping.
Hum. Mov. Sci. 22, 713–727. doi: 10.1016/j.humov.2003.11.001

Visser, M. (2009). Towards a definition of sarcopenia – Results from epidemiologic
studies. J. Nutr. Heal. Aging 13, 713–716. doi: 10.1007/s12603-009-0202-y

Wang, Z., Shen, W., Withers, R. T., and Heymsfield, S. B. (2020). “Multicomponent
molecular-level models of body composition analysis,” in Human Body
Composition, 2 Edn, eds S. B. Heymsfield, T. G. Loh-man, and Z. M. Wang
(Champaign, IL: Human Kinetics), doi: 10.5040/9781492596950.ch-012

Ward, K. A., Das, G., Berry, J. L., Roberts, S. A., Rawer, R., Adams, J. E.,
et al. (2009). Vitamin D status and muscle function in post-menarchal

adolescent girls. J. Clin. Endocrinol. Metab. 94, 559–563. doi: 10.1210/jc.2008-
1284

Wilks, D. C., Winwood, K., Gilliver, S. F., Kwiet, A., Chatfield, M., Michaelis, I.,
et al. (2009). Bone mass and geometry of the tibia and the radius of master
sprinters, middle and long distance runners, race-walkers and sedentary control
participants: a pQCT study. Bone 45, 91–97. doi: 10.1016/j.bone.2009.03.660

Yamada, Y., Buehring, B., Krueger, D., Anderson, R. M., Schoeller, D. A., and
Binkley, N. (2017). Electrical properties assessed by bioelectrical impedance
spectroscopy as biomarkers of age-related loss of skeletal muscle quantity and
quality. J. Gerontol. Biol. Sci. Med. Sci. 7, 1180–1186. doi: 10.1093/gerona/
glw225

Yarizadeh, H., Eftekhar, R., Anjom-Shoae, J., Speakman, J. R., and Djafarian, K.
(2020). The effect of aerobic and resistance training and combined exercise
modalities on subcutaneous abdominal fat: a systematic review and meta-
analysis of randomized clinical trials. Adv. Nutr. 0, 1–18. doi: 10.1093/advances/
nmaa090

Zamboni, M., Mazzali, G., Fantin, F., Rossi, A., and Di Francesco, V. (2008).
Sarcopenic obesity: a new category of obesity in the elderly. Nutr. Metab.
Cardiovasc. Dis. 18, 388–395. doi: 10.1016/j.numecd.2007.10.002

Zoico, E., Corzato, F., Bambace, C., Rossi, A. P., Micciolo, R., Cinti, S., et al.
(2013). Myosteatosis and myofibrosis: relationship with aging, inflammation
and insulin resistance. Arch. Gerontol. Geriatr. 57, 411–416. doi: 10.1016/j.
archger.2013.06.001

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Alvero-Cruz, Brikis, Chilibeck, Frings-Meuthen, Vico Guzmán,
Mittag, Michely, Mulder, Tanaka, Tank and Rittweger. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | www.frontiersin.org 14 April 2021 | Volume 12 | Article 643649

https://doi.org/10.1016/j.clnu.2014.07.010
https://doi.org/10.1016/j.clnu.2014.07.010
https://doi.org/10.1136/bmj.d7679
https://doi.org/10.1097/MCO.0b013e328312c37d
https://doi.org/10.1097/MCO.0b013e328312c37d
https://doi.org/10.1001/jama.2010.1923
https://doi.org/10.1002/cphy.c180041
https://doi.org/10.1016/j.humov.2003.11.001
https://doi.org/10.1007/s12603-009-0202-y
https://doi.org/10.5040/9781492596950.ch-012
https://doi.org/10.1210/jc.2008-1284
https://doi.org/10.1210/jc.2008-1284
https://doi.org/10.1016/j.bone.2009.03.660
https://doi.org/10.1093/gerona/glw225
https://doi.org/10.1093/gerona/glw225
https://doi.org/10.1093/advances/nmaa090
https://doi.org/10.1093/advances/nmaa090
https://doi.org/10.1016/j.numecd.2007.10.002
https://doi.org/10.1016/j.archger.2013.06.001
https://doi.org/10.1016/j.archger.2013.06.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Age-Related Decline in Vertical Jumping Performance in Masters Track and Field Athletes: Concomitant Influence of Body Composition
	Introduction
	Materials and Methods
	Participants
	Study Flow
	Basic Assessment
	Vertical Jump Test
	Body Composition

	Data Management
	Statistical Analyses

	Results
	Sex Differences in Body Composition and Jump Test Performance
	Body Composition and Jump Test Performance Among Athletes With Different Athletic Specialization
	Age-Related Changes in Vertical Jump Performance
	Age-Related Changes in Body Composition
	Relations Between Body Composition and Vertical Jump Performance
	Relation Between Phase Angle and Vertical Jump Performance
	Independent Determinants of Vertical Jump Performance

	Discussion
	Limitations

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


