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Abstract

We examined the effects of adding a Kettlebell Swing training program (KB) to the regular
skill-training protocol (REGULAR) on cardiorespiratory fitness, cardiorespiratory/metabolic
demand, and recovery to a simulated competition of female artistic gymnastics. Nine gym-
nasts (1312 years) had their REGULAR complemented with a 4-week kettlebell training
(REGULAR+KB), consisting of 3 sessions/week of 12x30” swings x 30” rest with 7 of their
body weight, while 9 aged-matched gymnasts acted as a comparison group. Peak oxygen
uptake (VO,,,,) during routines was estimated from the O, recovery curve using backward
extrapolation and off-kinetics parameters were modeled through a mono-exponential func-
tion. Heart rate (HR) was monitored continuously and capillary blood lactate (BL,") was
measured before and after each routine (15! and 3™ min). Cardiorespiratory fitness VO, ,..)
was evaluated using a ramp cycle ergometer test. A training-by-time interaction effect was
observed for VO, (p=0.009) as increments were only observed after REGULAR+KB (M
=8.85, SD = 9.67 ml.kg.min™"). No training-by-time interactions were observed for HRpeak (P
=0.39), VO, ., (p=0.07), or La post 0 = 0.25), both training protocols reduced HRyeax (M =
-12; SD = 11 b.min™") and BL& posts (M = -0.70; SD = 1.29 mmol.L™") during the simulated

competition, but not relative VO,_.. No training-by-time interaction was observed for the off-

2ext*
transient VO, time constant (p = 0.38). VO, recovery was slower (M = 5; SD = 10 s) after
both protocols. Both training protocols improved cardiorespiratory and metabolic demands
and recovery kinetics to a simulated competition of female artistic gymnastics, although

increases in cardiorespiratory fitness were only observed in REGULAR+KB.
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Introduction

Female artistic gymnastics is a highly technical and physiologically demanding sport consisting
of four apparatus routines (vault, uneven bars, balance beam, and floor). Not surprisingly,
artistic gymnastics is an early specialization sport, typically involving high training loads dur-
ing the prepubertal years aimed at mastering both motor abilities (e.g., flexibility, strength,
endurance) and sKkills relevant to performance [1]

The remarkable development of female artistic gymnastics seen over the past decade has
influenced the Code of Points and judging, leading to a noticeable increase in the technical
cardiorespiratory, and metabolic demands of the discipline [2]. In fact, peak blood lactate con-
centrations range from 4.7 to 10.5 mmol.L-1, peak heart rate (HRpeak), and oxygen uptakes
reaching values of 174 to 203 beats.min-1, and 38.57 to 56.40 mL.kg-1.min-1, respectively,
have been reported during the 5 to 90-s artistic gymnastics competitive routines. Therefore,
high levels of physical fitness are required during artistic gymnastics routines in which anaero-
bic energy systems play a key role [3, 4]. The importance of the contribution of aerobic energy
to the performance of competitive gymnastics artistic routines has also been recently acknowl-
edged [3], refuting previous misconceptions among coaches that this pathway played a negligi-
ble role in short-duration exercises. In fact, equal energy contributions from the aerobic and
anaerobic energy systems occur ~75-s after the onset of exercise [5]. Overall, these findings
suggest that energy contributions, heart rate (HR), and blood lactate (BLa-) kinetics are appa-
ratus-dependent [3, 6]. Artistic gymnastics routines lasting >30-s (i.e., floor routine) impose
high cardiorespiratory demands. Therefore, artistic gymnastics cause high metabolic and
cardiorespiratory stress that can hinder performance if recovery is not quick. Adaptations to

exercise training significantly increase maximal oxygen uptake (VO, , . ) and reduce the time

2 max
required for VO, to return to baseline after exercise [7], resulting in a faster homeostatic
recovery of VO2. However, little is known about time and energy-efficient training methods
to improve these determinants in female artistic gymnastics.

Ballistic and/or ground-type lifting full-body exercises while supporting an external load
using high muscle forces are potentially useful methods to increase strength, power, and
endurance [8]. In fact, a variety of kettlebell protocols have been used in strength and condi-
tioning in mixed martial arts [9], handball [10], shot put [11], sprinting [12], and soccer [13].
Therefore, kettlebell training has become part of elite training methods in sports with intermit-
tent profiles, that rely on high contributions of anaerobic energy [14]. Given the metabolic
similarities of these sports with artistic gymnastics, kettlebell exercise could be a suitable train-
ing method to increase the strength, power, endurance, and ultimately performance of artistic
gymnasts. However, it remains unknown whether the efficacy of claims credited with kettlebell
exercise is translated into female artistic gymnastics.

Therefore, this study aimed to examine the effects of adding a 4-week kettlebell swing train-
ing program to the regular skill-training protocol already performed by female artistic gym-
nasts (REGULAR+KB), on cardiorespiratory fitness, cardiorespiratory and metabolic
demands, and recovery during simulated competition. We hypothesized that REGULAR+KB
would induce superior gains in cardiorespiratory fitness in female artistic gymnastics, and
faster recovery after routines compared to regular skill training alone (REGULAR).

Methods
Experimental approach to the problem

This study was designed as a quasi-experimental repeated measures intervention with two
competitive simulations conducted before and after the intervention. We conducted this study
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during the in-season of young female artistic gymnastics with participants being assigned by
age, space, and time convenience to REGULAR+KB or REGULAR. The experimental training
intervention consisted of a 4-week REGULAR+KB, whereas the comparison group performed
REGULAR. The two groups were led by the same strength, conditioning, and gymnastics
coaches. Each pre- and post-intervention testing were completed in 2 visits, 48 h apart. Post-
intervention tests were conducted 72 h after the final training session. On the first experimen-
tal day, gymnasts completed a cardiopulmonary exercise testing and body composition evalua-
tion. On the second experimental day, gymnasts completed a four-routine (vault, uneven bars,
balance beam, and floor) competitive simulation in randomized order (https://www.
randomizer.org/) with at least a 10-min recovery between each routine. Gymnasts performed
one at a time, in the same order, and were judged by international referees based on the follow-
ing criteria: execution (E), difficulty (D), and total scores. BL,” and Oxygen uptake (VOQ) were
collected before and following (1* and 3" min for BL,") each routine, whereas HR was moni-
tored throughout the entire competition.

This study was conducted according to the Declaration of Helsinki and was approved by
the Ethics Review Board of the Faculdade de Motricidade Humana-Universidade de Lisboa
(12/2019).

Subjects

Eighteen young female artistic gymnasts (12-17 years old, 1-4 Tanner stages) were sampled by
convenience to participate in this study. This group was elite-oriented with training schedules
up to 30 h per week over 8 weekly sessions and with competitive experience (approximately
3-7 years). All gymnasts were medically cleared and written parental consent and informed
assent were obtained prior to each intervention.

Procedures

Body composition assessment. Height was measured to the nearest 0.1 cm on a scale
with an attached stadiometer (model 770, Seca; Hamburg, Germany), and waist circumference
(WCQ), an estimate of subcutaneous and intra-abdominal (e.g., visceral) adipose tissue [15],
was measured to the nearest 0.1 mm with an elastic metallic tape (Lutkin—W606PM, Vancou-
ver, Canada) at the level of the iliac crests. Body mass (kg), fat mass (kg), and free fat mass (kg)
parameters were obtained by a bioimpedance device (mBCA 515, SECA; Hamburgo, Ger-
many) using four pairs of electrodes (eight electrodes in total) that allow the measurement of
segmental impedance from a 100 pA current at frequencies between 1 and 1 000 kHz. Partici-
pants were assessed in a fasted state (>3h) and refraining from drinking alcohol, caffeine, and
vigorous exercise in the 12h prior to the impedance measurement.

Maturity. Maturity was anonymously assessed with a validated self-assessment question-
naire with illustrations based on the 5 Tanner pubertal stages [16].

Cardiorespiratory fitness. Cardiorespiratory fitness was measured before and after inter-
vention using a continuous ramp cycle ergometer (Monark 839 E Ergomedic; Monark, Vans-
bro, Sweden) protocol designed to achieve a peak effort of exercise in 8-10 min [17]. Work
rate increased by 0.3 per kg of body weight per minute (W.kg™".min™"). All gymnasts had work
rate increases of 25 Watts/min. Pulmonary gases were continuously analyzed, with breath-by-
breath gas exchange measurements, through a portable gas analyzer (K5, Cosmed, Rome,
Italy). Data were analyzed by a single researcher in 10-s averages, and VO, ___was defined as
the highest 10-s value attained in the last minute of effort provided 2 of the following criteria
are met: (1) Attaining > 90% of age-predicted maximal HR; (2) Plateau in V02 response
despite increases in workload (<2.0 mL.kg’l.min’l); (3) Rating of perceived exertion > 18 (6-
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20); (4) Respiratory exchange ratio > 1.10; (5) unable to maintain a pedaling cadence above 70
revolutions.min™'; and (6) subjective judgment by the observer that the participant could no
longer continue, even after encouragement [18]. The first ventilatory threshold (VT1) was
defined as 1) the first increment in the ventilatory equivalent for O, (VE/VO,), without any
increase in the ventilatory equivalent of CO, (VE/VCO?2), and 2) the first increase in the expi-
ratory fraction of O2. The second ventilatory threshold (VT2) was defined as 1) the first incre-
ment in the ventilatory equivalent for CO, (VE/VCO,), and 2) the first decrease in the CO,
expiratory fraction. Before each test, both O, and CO, analyzers were calibrated using ambient
air and standard calibration gases of known concentration (16.7% O, and 5.7% CO,). The cali-
bration of the turbine flowmeter of the K5 was performed using a 3-1 syringe, according to the
manufacturer’s instructions. Heart rate was continuously monitored (Garmin, US).

Physiological demands evaluations during the simulated competitive routines oxygen
uptake and heart rate. Pulmonary gases were analyzed in the standing position before
(1I-min) and immediately following each routine (3-min), with a breath-by-breath portable gas
analyzer (K5, Cosmed, Rome, Italy). This methodological approach precluded the recording of
the ventilatory parameters during the routine but permitted the assessment of the highest pos-
sible values within < 5-s after completion. Peak oxygen uptake (VO, _) during routines was
estimated by backward extrapolation of the VO, recovery curve to time zero [19], assumed as
the moment when the gymnasts finished their schemes. HR was monitored using chest straps
during the simulated competitive events (Garmin, USA).

Despite the suggestion that maximal exercise off-transient is better characterized by a bi-
exponential model for either fast or slow VO, components, the model that best fits the data
should be used. Thus, VO, recovery was modeled with a mono-exponential based on the
excess post-exercise oxygen consumption of the fast component using the following equations

[20]:
. . - (_a)
VO, = VO, + A4, e \7

EPOCyr = A, X 1,

Where VO%) is the value of VO, at a determined time (mL.min™) VOZ( is the pre-routine

pre)
value of VO, (mL.min™), A, is the amplitude of VO, (mL.min™"), § is the time delay and T, is
the time constant. The overall goodness of the fit for the off-transient models was good for the
\'702 kinetics models for the vault (R? = 0.75), uneven bars (R? = 0.77), balance beam (R? =
0.80) and floor (R? = 0.83) routines.

Capillary blood lactate. Capillary blood lactate was collected from the ear lobe using a
portable lactate analyzer (Lactate Pro2, Arkray, Japan) before (within the previous min) and
immediately following each routine (1*' and 3™ min). Before each collection the earlobe was
cleaned with an alcohol swab, pricked and the first blood drop was wiped with a tissue, then
the earlobe was squeezed, and the subsequent blood drop was used.

Training interventions

Kettlebell swing. The REGULAR+KB was a 4-week strength/power training program
involving 3 sessions/week of Kettlebell Swing, with 48h in-between was added and performed
before to the regular female artistic gymnastics training session, consisting of 12 rounds of
30-s swing exercise separated by 30-s of rest. Gymnasts were instructed to perform as many
swings as possible during each round using a Kettlebell weighting % of their body weight [8,
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21-23], with the technique previously outlined [8]. The number of swings performed during
each round was recorded and served as vocal encouragement throughout each 12-minute
bout. The protocol was led by a strength and conditioning coach with a specialization in kettle-
bell training. During this period, gymnasts did not perform any other resistance exercise
besides their REGULAR in their common gymnastics room and with the same coaching staff.

Regular skill-training protocol (REGULAR). The REGULAR was performed at the early
hour of each training session and consisted of 1 set of 11 exercises, with a different number of
repetitions according to the physical demands of each exercise. These included planks at differ-
ent heights, walking weights, handstands on the floor or balance beam, rope jumps on the bal-
ance beam, various jumps at different heights, pull-ups on uneven bars, front-flips, and back-
flips. Gymnasts have performed REGULAR or slight variations since the beginning of their
sports career in this modality.

Standard nutritional plan. A 1-day dietary plan was given to each gymnast before the
field test day at both pre-and post-intervention assessments, in conformity with the nutritional
plan elaborated earlier in the season by the nutritionist. Aspects such as food portions, the num-
ber of daily meals, and supplements were described in the nutritional plan, specific to each par-
ticipant and following the requirements of the gymnasts. Gymnasts were asked to refrain from
smoking cigarettes or drinking alcohol or coffee in the 24 hours prior to the assessment day.

Statistical analysis

Based on an effect size of 0.57, a priori power analysis (GPower Version 3.1.9.3) for mixed
ANOVA suggested a total of 18 participants are required to detect a previously reported
VO, , . mean difference of 2.3 mL.kg.min™ (SD = 2.0) over time and training protocols (o =
0.05, 1-B = 0.95) [24].

Data are presented as mean (SD) unless otherwise indicated. The normality and homosce-
dasticity assumptions were verified with the Shapiro-Wilk and Levene tests, respectively, and
by plot inspection. Independent samples t-tests were used to compare the baseline characteris-
tics of the participants.

The changes in the dependent variables in pre-and-post exercise interventions and compet-
itive simulations were examined using linear mixed models fitted with restricted maximum
likelihood and applying Satterthwaite’s method for approximating degrees of freedom for the
F test from the R ImerTest package [25]. The fixed effects were defined as time, exercise train-
ing protocols, and routines, and the random intercept was defined for each participant. Partial
eta squares (17°) were calculated for each main effect and interactions of interest (i.e., training-
by-time, routine-by-time) using the R sjstats package [26] and interpreted by applying the
benchmarks suggested by Cohen [27] defining small (n° < 0.05), medium (7> < 0.25), and
large (7 > 0.25) effect sizes. Main outcomes during simulation events were covaried for rou-
tines starting order and maturation status. The changes induced by exercise training interven-
tions in VO, ___were adjusted for baseline values. Post-hoc comparisons using Tukey’s HSD
test were applied with the R emmeans package [28] in the presence of significant differences in
main effects and interactions. All statistical analyses were conducted using R, version 4.0.1
[29], with a significant level (o) of < 0.05.

Results

Characteristics of the participants
The characteristics of the participants did not differ between groups, except for the relative

VO that was higher in REGULAR than in REGULAR+KB (Table 1, Fig 1).

2 max
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Table 1. The characteristics of the participants.

Characteristics

Age (years)

Height (m)

Weight (kg)

Body mass index (kg.m?)
Waist circumference (cm)
% Body fat mass (%)
Body fat-free mass (kg)
VO

(L.min™")

2 max

VO (mL.kg".min")

2 max

REGULAR (n =9) REGULAR+KB (n = 9) p-value
14 (2) 13 (2) 0.5
1.54 (0.1) 1.53 (0.1) 0.8
48.0 (8.0) 44.0 (10.1) 0.4
20.1 (1.6) 18.5 (2.4) 0.14
66 (3) 65 (6) 0.8
13.3 (4.1) 9.1(6.5) 0.13
41.4(6.2) 39.3(7.3) 0.5
1.84 (0.78) 1.53 (0.36) 0.3
43.25 (3.30) 36.00 (8.45) 0.04

Data presented as mean (SD), 'Statistical tests performed: independent Welsch t-test, Abbreviations: REGULAR, regular training; REGULAR+KB, regular skill training

protocol + Kettlebell training; e

2 max

https://doi.org/10.1371/journal.pone.0283228.t001
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Fig 1. Effects of REGULAR and REGULAR+KB in selected cardiorespiratory fitness indices derived from the
cardiopulmonary exercise test. Abbreviations: REGULAR, skill training; REGULAR+KB, regular skill training

protocol + Kettlebell training; VOzmax; maximum oxygen uptake; VO, at the second ventilatory threshold. *Indicates
difference from values before the interventions (p < 0.05).

https://doi.org/10.1371/journal.pone.0283228.9001
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Cardiorespiratory fitness and body composition

Training-by-time interaction effects were observed for relative VO, , _ [F (1,15) = 8.87,

p =0.009, 1’ = 0.37], and relative VO, at VT2 [F (1,15) = 8.22, p = 0.01,° = 0.35; Fig 1; S1
File], suggesting that REGULAR+KB increased VO, , . (d = 8.85;95% CI: 2.78 to 14.9 mL kg’
! min, p < 0.001) and the VO, at VT2 (d = 9.84; 95% CI: 2.73 to 16.94 mL.kg ".min™",

p < 0.001) whereas REGULAR did not. No training-by-time interactions or main effects of

time or training were observed for fat mass, and HR,,,,, (S1 File). Adjustments for maturation

status and baseline values of relative VO and relative VO, at VT2 did not alter the results.

2 max

Cardiorespiratory and metabolic demands of routines

Pre-routines. No training-by-time interaction effects were observed for relative VO, pred
(F (1, 107) = 2.897, p = 0.09, n* = 0.03], BLa ., [F (1, 108) = 0.004, p = 0.95, 1> = 0] or HR, [F
(1, 108) = 3.06, p = 0.08, 1> = 0.03]. A routine-by-time interaction effect was observed for rela-
tive VO, ore [F (3,103) =3.11, p = 0.03, 1 = 0.08], as it was reduced before the floor routine fol-
lowing both exercise training protocols (d = - 2.99; 95% CI: -5.04 to—0.95 mL.kg ".min",
p < 0.001; Table 3). No significant differences were observed in VO, ore i the remaining rou-
tines. Still, a main effect of time (F (1,107) = 19.64, p < 0.001, 1* = 0.16) and routine [F (3,103)
=33.77, p < 0.001, n* = 0.50] was observed for relative VO, ore> SUggesting that both exercise
training protocols reduced relative VO, , (d = - 1.45; 95% CI: - 2.1 to -0.8 mL.kg".min"',
p < 0.001). The highest relative VO, pre
est was observed before the vault routine (d = 4.58; 95% CI: 3.38 to 5.77 mL.kg ".min"",
p < 0.001). The uneven bars and balance beam routines showed an identical VO, ore- Adjust-

2 pre
was observed before the floor routine, whereas the low-

ments for maturation status and routine order did not alter the results. BLa . (d = - 0.40; 95%
CI: -0.59 to -0.21 mmol.L™}, p < 0.001) and HR,,, (d = - 7;95% CI: -9 to -4 b.min "', p < 0.001)
decreased following both exercise training protocols.

During routines. No training-by-time interaction effects were observed for HRqx [F
(1,107) = 0.75, p = 0.39, n* = 0] and relative VO, ., [F (1,108) = 3.43, p = 0.07,° = 0.02,
Table 3]. Still, a main effect of time [F (1,107) = 46.25, p < 0.001, 1? = 0.30] and routine [F
(1,103) = 123.80, p < 0.001, * = 0.78] was observed for HR . suggesting that both exercise
training protocols reduced HR . during routines (d = -12; 95% CI: -15 to -8 b.min ",
p < 0.001). The highest HR .4 was attained during the floor whilst the lowest was in the vault
routine (d = 42; 95% CI: 36 to 48 b.min™", p < 0.001). HReqi was similar between the balance
beam and uneven bars routines. The highest relative VO, _, was achieved during the floor and
uneven bars routines, while the lowest was in the vault routine (S3 File). Additionally, only the
vault routine showed a %HRmax below 90% (Table 2). Adjustments for maturation status and
routine order did not change these results. There were no differences in the routine scores
between groups both before and after exercise training protocols (p = 0.46) (S2 File).

Recovery. No training-by-time interaction effects were observed for relative BLa o5, [F
(1,108) = 1.34, p = 0.25, n2 =0.01], BLa post3 [F(1,108)=1.87,p=0.17, n2 =0.02]. A routine-
by-time interaction effect was observed for BLa ;> suggesting that both exercise training
protocols reduced BLa j; following the floor routine (d = -1.76; 95% CI: -2.95 to -0.56 mmol.
L’l,p < 0.001) and uneven bars (d = -0.91, 95% CI: -1.68 to -0.15, p = 0.02) routines. The
results also show that BLa .3 decreased following exercise training (d = -0.70; 95% CI: -0.98
to -0.42 mmol.L™, p < 0.001; Fig 2). BLa post; and BLa o3 reached the highest values following
the floor routine, while the lowest values were observed following the vault and balance beam
routines (BLa post, d = 2.77; 95% CI: 2.06 to 3.48 mmol.L’l,p < 0.001; BLa pos3, d = 3.11595%
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Table 2. Effects of exercise training protocols on oxygen uptake, blood lactate, and heart rate before and during female artistic gymnastics routines.

REGULAR REGULAR+KB Time Routine | Training Interaction
Vault Bars Beam Floor Vault Bars Beam Floor pm) U p M p M
\./'VO2 (mL. Routine*time
pre
kg. 'min")
Pre 4.35 6.68 7.73 10.09 8.93 11.12 11.57 14.71 <0.001 <0.001 0.002 0.03 (0.08)
(1.62) #3 (2.23) (1.39) | (2.99)16¥ | (3.25) #3¥ | (2.66) (2.04) (3.56) t &¥ (0.16) (0.50) (0.67)
¥
Post 4.87 6.32 5.73 8.26 7.054 10.43 10.26 10.5
(1.78) #8 (0.96) (1.08) (1.63)* (2.3) #3171 | (1.37) (2.46) (2.41)*
¥
BLa',, (mmol.
LY
Pre 2.98 3.36 2.27 2.08 2.58 2.31 1.74 (0.40) 1.46 <0.001 <0.001 <0.001
(0.93) &# | (1.107) &# | (1.11) (0.70) (0.86)8# | (0.50)d# (0.31) (0.14) (0.45) (0.45)
Post 3.00 2.78 1.88 1.81 2.04 1.75 1.44 (0.42) 1.23
042)* | (0.60)* | (0.49)* | (0.29)* | (0.67)* | (0.53)* * (0.29)*
HR ,r(b.min’
p)
Pre 109(17) | 114(16) | 114(9) | 111(16) | 115(19) | 110(17) | 118 (13) | 114(20) | <0.001 0.06 | 0.49 (0.03)
(0.19) (0.07)
Post 107 (9)* 107 (7)* | 107 (9)* | 103 (5)* | 108 (16)* | 108 (16) | 116 (16)* | 109 (21)*
*
{iRpeuk (b.min Training*routine
)
Pre 143 (14)* | 180 (7) 181 (7) 190 (3) 157 (19) | 177(12) | 180 (10) 188 (7) <0.001 <0.001 | 0.32(0.06) 0.03 (0.08)
(0.30) (0.78)
Post 128 (13) 163 (8) 173 (9) 180 (7) 137 (16) | 172 (12) 177 (9) 176 (19)
HRmux (%)
Pre 82 (11) 101 (5) 102 (6) 89 (40) 90 (11) 102 (4) 103 (3) 108 (5) 0.05 <0.001 | 0.04 (0.23)
#8¥ #8(7) (0.03) (0.41)
Post 72 (9) #3 93 (8) 99 (6) 103 (5) 78 (8) 98 (6) 101 (3) 100 (12)
¥ #8071
VOZm (mL.
kg. 'min™)
Pre 22.88 38.37 29.02 31.87 35.42 43.59 40.01 46.91 0.82 (0) <0.001 <0.001
(6.77) #¥ (4.36) (4.98)#¥ (14.49) (10.47)#¥ | (9.43) | (10.08) #¥ (10.76) (0.28) (0.49)
Post 25.94 334 29.86 41.58 38.11 42.82 37.72 39.14
(6.17) (5.03) (2.70) (6.28) (11.06) | (7.12) (5.15) (6.78)
\}02“'(%) Training*time
Pre 53 (17) 89 (12) 68 (14) 64 (40) 103 (36) # | 128 (40) | 116 (37) # | 135(31) <0.001 0.08 <0.001 0.006 (0.06)
5t #5t ¥i “s (0.13) (0.05) (0.53)
Post 50 (23) 66 (27) 64 (27) 89 (39) 85 (23)* | 96 (10)* | 85(13)* 87 (10)*

Data presented as mean (SD); Abbreviations: REGULAR, regular skill training; REGULAR+KB, regular skill training protocol + Kettlebel training; HR ., resting heart

rate; HR ek, peak heart rate during the routines, VO, .; oxygen uptake at rest; BLa ., resting lactate before each routine, VO, ,,, extrapolated maximal oxygen uptake

2 pre
during the routines. Post-hoc comparisons were performed for the routine-by-time interaction for each group, the protocol-by-routine interaction for the main effect of
routine, and for the main effects of routine and time. Only significant interactions are reported. * Indicates a difference from pre (p < 0.01). # Indicates a difference
from the floor routine (p < 0.01), 1 Indicates a difference from the vault routine (p < 0.01), & Indicates difference from balance beam routine (p < 0.01), ¥ Indicates a

difference from uneven bars routine (p < 0.01).

https://doi.org/10.1371/journal.pone.0283228.t1002
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Table 3. Effects of exercise training protocols on oxygen uptake and blood lactate after the artistic gymnastics routines.

REGULAR REGULAR+KB Time Routine | Training | Interaction
Vault Bars Beam Floor Vault Bars Beam Floor p(nz) P m? p(nz) p(nz)
1(s)
Pre 47 (19) 50 (7) | 38(8) 50 (6) 49(10) | 48(10) | 45(8) 49 (7) 0.003 0.003 0.78 (0)
(0.08) (0.13)
Post 56(17) | 55(11) | 48(8) 57 (9) 57(15) | 49(10) | 48(5) | 51(12)
Ap (mL.min™")
Pre 1009 1574 1475 1583 (510) 1195 1624 1390 1603 (157) | 0.12 (0.02) <0.001 0.87 (0)
(342) #5¥ (477) (385) (389) #6¥ (389) (322) (0.31)
Post 1247 1532 1407 1811 (462) 1294 1497 1473 1435 (255)
(356) (353) (267) (184) (191) (285)
BLap,g;(mmol.L° Routine*time
1
)
Pre 2.90 4.46 3.08 5.95(2.35) 2.53 3.68 2.31 6.41 (3.20) <0.001 <0.001 0.64 0.03 (0.08)
(0.89) (1.70) 8¥ | (0.78) ¥13 (0.58) (0.79)%8 | (0.47) ¥t8 (0.14) (0.57) (0.01)
Post 2.59 3.35 2.42 4.27 (0.87) 2.28 3.09 2.43 4.70 (1.44)
(0.52) (0.24) (0.45) *¥1 8 (0.65) (0.81) (0.62) *¥1 8
BLa 053 (mmol.
Lh
Pre 2.80 4.11 2.60 6.42 (2.28) 2.30 3.47 2.32 5.63 (1.07) <0.001 <0.001 0.23
(0.74) 8 (1.27) (0.61) 748 (0.48)t8 (0.60) (0.83) ¥ (0.18) (0.76) (0.09)
Post 241 3.39 2.25 4.68 (0.97) 1.93 2.84 2.02 4.90 (1.47)
(0.57)* (0.54)* (0.48)* * (0.40)* (1.12)* (0.67)* *
HRRI (b.min") Routine*time
Pre 30(10) | 48(18) | 35(12) | 41(14) 41(24) | 45(15) | 38(9) | 42(17) |0.08(0.03)| <0.001 | 0.5(0.03) | <0.001
0.27) (0.22)
Post 13(11) | 35(16) | 51(10)* | 38(13) | 23(8)*#5 | 41(16) |49 (14)* | 41 (36)
*#8[7) ¥
HRR3 (b.min™") Routine*time
Pre 35(10)#¥ | 48 (18) | 51(10) | 76(16) |47 (20)#¥ | 45(15) | 52(11) | 70(12) 0.36 (0) <0.001 | 0.87(0) <0.001
#Y¥ #¥ (0.66) (0.25)
Post 21 (10) 56 (11) 66 (6) 73 (13) 30 (9) *#8 | 62 (15) 67 (10) 65 (30)
*#5¥ ¥

Data presented as mean (SD); Abbreviations: REGULAR, regular skill training; REGULAR+KB, regular skill training protocol + Kettlebel training; ,, time constant of

the \'7'02 in off-kinetics analysis; A, amplitude of the \./'O2 in off-kinetics analysis; BLa post; and BLa o3, lactate 1 and 3 minutes following each routine, respectively;
HRRI and HRR3 heart rate 1 and 3 minutes following each routine. Post-hoc comparisons were performed for protocol-by-time and routine-by-time interactions for
each group, and for the main effects of time and routine. Only significant interactions are reported. * Indicates a difference from pre (p < 0.01). # Indicates a difference
from the floor routine (p < 0.01), t Indicates difference from the vault routine (p < 0.01), & Indicates difference from balance beam routine (p < 0.01), ¥ Indicates a
difference from uneven bars routine (p < 0.01).

https://doi.org/10.1371/journal.pone.0283228.t003

CIL: 2.60 to 3.62 mmol.L™, p < 0.001 (S3 File). There was no training-by-time interaction effect
for 1, (F (1, 107) = 0.78, p = 0.38, 1? = 0]. Both exercise training protocols increased the off
transient T, of VO, kinetics after routine cessation (d = 5; 95% CI: 2 to 8 s, p = 0.003; Fig 2. A,
was lowest in the vault routine compared to the remaining routines, where 1, was lowest in the
beam routine (Table 3, S3 File). The lowest HRRI and HRR3 were observed following the vault
routine compared to the remaining routines (S3 File, Table 3).

Discussion

The main findings of this study were that REGULAR+KB did not add to the improvements in
the cardiorespiratory and metabolic demands and recovery to a simulated female artistic
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Fig 2. Effects of exercise training protocols on selected indices of \./O.Z off-kinetics and blood lactate during
recovery from female artistic gymnastics routines. Abbreviations: REGULAR, skill training; REGULAR+KB, regular

skill training protocol + Kettlebell training; VOZ, oxygen uptake; BLa pos3, blood lactate 3 minute following each
routine. *Indicates significant difference from values before interventions (p < 0.05).

https://doi.org/10.1371/journal.pone.0283228.9002

gymnasts’ competition when compared to REGULAR. Both REGULAR+KB and REGULAR
reduced the cardiorespiratory (HR¢qx) and metabolic (BLa pos;) demands of artistic gymnas-
tics routines and slowed VO, off-transient kinetics to facilitate PCr resynthesis between rou-
tines. Despite an increase in cardiorespiratory fitness noted only after KB, this did not
translate to a reduction in cardiorespiratory and metabolic demand or to faster recovery
between artistic gymnastics routines compared to regular training.

Effects of exercise training interventions

REGULAR+KB was designed to address the recommendation by Marina and Rodriguez [3]
for specialized cardiorespiratory fitness training [24], to facilitate recovery and comply with
the increasingly complex and difficult profile of modern female gymnasts. In the present
study, REGULAR+KB training led to an increase in VO, _ and VO, at VT2 during a pro-
gressive exercise test, whereas ST did not. Surprisingly, REGULAR+KB did not improve
recovery more than REGULAR or reduce cardiorespiratory and metabolic demands, as evi-
denced by similar reductions in HReat, BLa post1, and BLa 3. Possible explanations may
relate to the selected load [30, 31], the swing cadence [32], the duration [33] or, the lack of
specificity of the REGULAR+KB protocol. We set the KB load at % of the body mass criteria as
suggested by previous work [21, 23, 34]. Wesley and Kivi [32] also reported that significant
increases were seen in HR, BLa’, and perceived exertion for each 4 kg increase in KB load until
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% body mass. However, Fung and Shore [30] recommended using less than 13% of body mass
if the aim is to stress the aerobic system. Still, there is no consensus on the adequate load and
cadence for a KB protocol. Swing cadence may also influence physiological responses as when
swing cadence is increased to 48 swings per min, users are forced to actively pull the KB down
during the backswing to keep pace, emphasizing an ‘overspeed eccentric’ action during the
backswing. This increased pace results in significant increases in HR (14.7%), BLa™ (83%), and
RPE (27%) compared to 40 swings per minute [35]. Furthermore, the effects of the exercise
training protocols were measured only before and after 4 weeks, which may not have detected
subtle changes in HRyeax, BLa 051, and BLa-post3, or those that occurred outside of this initial
time frame [7]. Finally, the REGULAR+KB protocol may not have met the specific require-
ments of gymnastics. Artistic gymnastics enlists highly skilled routines, performed in appara-
tus with significant levels of balance and isometric control of body mass that may not be
reflected in a KB swing.

There is little evidence on the effects of exercise training on the off-transient VO, kinetics.
A few studies suggest that endurance exercise promotes faster off-transient VO, kinetics lead-
ing to improvements in endurance performance [36, 37]. This is mainly due to faster on-tran-
sient kinetics, sustaining both a reduction in O, debt and accumulation of fatigue-associated
metabolites (e.g., H', Pi, ADP). On the contrary, our results showed that both exercise training
protocols slowed VO, recovery in gymnasts. This finding should be interpreted considering
the distinct metabolic demands of artistic gymnastics compared to endurance sports, as the
energy substrate utilization during exercise is a determinant of the off-transient VO, kinetics
response. For example, Billat et al. [38] have shown that 4 weeks of endurance training reduced
PCr depletion during running until exhaustion, accelerating the rapid phase of off transient
VO, kinetics. However, we observed that both exercise training protocols slowed off-transient
VO2 kinetics after artistic gymnastics routines, suggesting a faster PCr resynthesis to compen-
sate for the likely increase in phosphagen energy system contributions during the simulated
competition routines. In fact, this tight coupling and inverse association between off-transient
PCr and \.702 kinetics has been demonstrated in computational models [39, 40], although it
remains to be replicated in vivo experiments. Even if we did not estimate t,, for fast and slow
phases of the VO, recovery separately, the slow phase doubtfully accounts for the slower off-
transient kinetics in our gymnasts, given that Bla™ was reduced following both exercise training
protocols. Further, it appears that blood lactate accumulation per se is not accountable for the
slower off-transient VO, kinetics [38, 41]. Importantly, our data were best fitted by a mono-
exponential model likely due to the asymmetry between on-and-off VO, kinetics triggered by
the near-maximal exercise intensity as reported by some [38], but not all [42, 43]. Further-
more, it is unlikely that the slower off-transient VO, kinetics of female artistic gymnasts after
training could be attributed to baseline differences compared to endurance athletes since we
observed similar off-transient 1, to those of running, cycling, and rowing (. 50-s) athletes [42,
43]. This slower recovery of VO2 and the suggestion of faster PCr resynthesis after routine ces-
sation induced by both exercise training protocols could be the key to improving artistic gym-

nastics performance, as the phosphagen system allows for well-known explosive gymnastic
skills.

Cardiorespiratory and metabolic demands of routines in female artistic
gymnastics

In this study, female artistic gymnasts achieved the highest concentrations of Bla p,; and Bla -
post3 in the floor and uneven bars routines, which is consistent with a previous finding
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suggesting that the glycolytic anaerobic pathway plays a major role [3, 6]. The highest demand
for oxygen delivery was observed in the floor, uneven bars, and balance beam routines, reach-
ing up to 90% HR,,.x achieved during the cycle ergometer test, which aligns with previous
results [3, 6].

The balance beam is considered by many artistic gymnasts the most difficult, stressful, and
dangerous apparatus [3, 44, 45]. Adding to the fact that this routine requires prolonged iso-
metric contractions [45], these observations may partially explain our findings. The vault rou-
tine showed the lowest HR e, Bla post1, Bla-post3, and A, among the routines, which is
probably explained by its shorter duration and higher energetic contributions from the phos-
phagen system [5]. The slower off-transient VO, kinetics (highest t,) observed in the vault
routine further supports its dependence on the phosphagen system. In fact, the PCr resynthesis
occurs during the rapid phase of VO, recovery and is inversely related to the off-transient
VO, kinetics, so that a slower recovery is associated with a higher level of PCr hydrolysis dur-
ing exercise [37].

In the present study, the VO,, was higher in the floor routine, as previously reported by
Marina and Rodriguez [3], followed by the uneven bars. These findings were further supported
by the higher A, observed in these routines. This reinforces previous observations [3, 6] that
the cardiorespiratory and metabolic demands are both apparatus and routine-duration depen-
dent, but also that the ATP resynthesis from anaerobic glycolysis is still predominant in female
artistic gymnastics, as evidenced by the BLa™ concentrations following the routines.

Importance of cardiorespiratory fitness in female artistic gymnastics

between 50 to 56 mL.
kg'.min"" from running maximal exercise testing and that high VO, ,_would be key to accel-
erate recovery [3, 6]. However, the results of this study contradict these early findings as not
only VO,
lowing KB did not translate into faster VO, recoveries after routines. First, the lower VO
of our gymnasts is likely explained by the selected exercise testing modality, as cycling underes-
timates VO, .
to the lower VO, ,
ning and weightlifting [47], or wrestling [48], but not the higher when compared to rhythmic
gymnasts [49]. Still, this is not a universal finding [50]. Second, our results suggest that
observed with KB do not translate to faster VO, off-kinetics as they do for

) [37, 51]. This dissoci-
ation of VO, with VO, off-transient kinetics likely results from the mainly anaerobic
energy profile of artistic gymnastics. Together, our findings shed doubt on the importance of
high cardiorespiratory fitness to improve recovery between routines in artistic gymnastics,
likely supporting conceptions coaches have that this pathway plays a negligible role in short-
duration exercises.

Research on female artistic gymnastics has reported a range of VO

2 max

was lower in our gymnasts (36 to 43 mL.kg".min™"), as the increases observed fol-

max

2 max

by 10 to 15% when compared to running tests [46]. This may also contribute

of our gymnasts compared to other anaerobic sports such as sprint run-

increases in VO

2 max

on-kinetics (i.e., inverse association between on transient 1, and VO

2max

Limitations

This study is not without limitations. First, we used a convenience sample that may have
lacked statistical power to support our results. Cardiorespiratory fitness was determined using
a cycle ergometer that may not reflect the demands of artistic gymnastics. Second, artistic gym-
nasts have an exhaustive training schedule daily that focuses on almost every skeletal muscle
group. The fact that REGULAR+KB only used the swing movement may have hampered our
results. Indeed, the horizontal component of the movement can be seen in the floor, vault, and
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balance beam, but not in the uneven bars, which was the second most demanding routine for
female gymnasts in this study. In addition, the REGULAR+KB had a higher training load com-
pared to REGULAR, which might contribute to training load-dependent changes in our main
outcomes. However, this is unlikely as both training protocols similarly improved the demand
and recovery of cardiorespiratory and metabolic outcomes, and ultimately suggest that the
additional workload was useless. Finally, the swing cadence was not controlled in the present
study. This could have improved standardization throughout the protocol, although these
gymnasts are familiarized with all-out efforts.

In conclusion, REGULAR+KB training did not add to the improvements in the cardiore-
spiratory and metabolic demands and recovery kinetics to a simulated female artistic gymnas-

tics competition compared to REGULAR, despite the increases observed in VO, after

2 max
REGULAR+KB. Both exercise training interventions reduced HR peak during routines, BLa’,
and slowed VO, recovery presumably to facilitate PCr resynthesis following routines. Sports
scientists should continue their search for innovative, feasible, and cost-effective protocols to

improve the recovery patterns of female artistic gymnasts during competition.

Pratical implications

The efficacy of claims credited with kettlebell exercise do not translate into improvements in
cardiorespiratory and metabolic demands, and recovery kinetics during simulated competi-
tion of female artistic gymnastics. Possible explanations may relate to the selected load, swing
cadence, duration, or lack of specificity of the REGULAR+KB protocol.

Supporting information

S1 File. Effects of REGULAR and REGULAR+KB training on cardiorespiratory fitness and
body composition. Data presented as mean (SD); Abbreviations: REGULAR, regular skill
training; REGULAR+KB, regular skill training protocol + Kettlebell training; HR ,,x, maximal
heart rate, VO, _ maximum oxygen uptake; VO, at VT1 and VO, at VT2 maximum oxygen
uptake from the first and second ventilatory threshold. Post-hoc comparisons were performed
for protocol-by-time interaction for each group, and for the main effect of group. * Indicates a
significant difference from pre (p < 0.01). # Indicates a significant difference from REGULAR
(p < 0.01).

(DOCX)

S$2 File. Gymnastics scores before and after exercise training protocols. Data presented as
mean (SD); Abbreviations: REGULAR, regular skill training; REGULAR+KB, regular skill
training protocol + Kettlebell training. Post-hoc comparisons were performed for each group,
and for the main effect of group.” Indicates a significant difference from pre (p < 0.01).
(DOCX)

$3 File. Physiologic demand of female artistic gymnastic routines in selected indices of
oxygen uptake and blood lactate. Abbreviations: VO,_ex» extrapolated maximal oxygen
uptake during the routines; BLa ., blood lactate 1 minute following each routine; A, ampli-
tude of the VO, in off-kinetics analysis; HRRI, heart rate 1 minute after each routine. *Indi-

cates a significant difference from other routines (p < 0.05).
(DOCX)

S1 Data.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0283228  April 24, 2023 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283228.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283228.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283228.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283228.s004
https://doi.org/10.1371/journal.pone.0283228

PLOS ONE

Kettlebell swing training in young female artistic gymnasts

Acknowledgments

The authors would like to acknowledge the unconditional support in carrying out this study
from José Carlos Managas and Luis Calheiros, the contributions of Claudia Minderico in the
prescription of the individual nutritional plans, Rita Figueiredo and Zhao Xuequin for the per-
formance judging, and the efforts of Francisco Pedro, Rafael Cavalheiro, and Francisca Fer-
reira during the data collection. Finally, the authors would like to praise the dedication of all-
female artistic gymnasts from Ginasio Clube Portugués throughout the study period.

Author Contributions

Conceptualization: Xavier Melo, Pedro Neto Ribeiro, Sara Nabais, Joana Reis, Bo Fernhall,
Helena Santa-Clara.

Data curation: Xavier Melo, Inés Arrais, Jodo Luis Mardco, Pedro Neto Ribeiro, Raquel
Coelho.

Formal analysis: Xavier Melo, Inés Arrais, Jodo Luis Mardco, Raquel Coelho.

Investigation: Xavier Melo, Inés Arrais, Jodo Luis Mardco, Pedro Neto Ribeiro, Joana Reis,
Vitor Angarten, Bo Fernhall, Helena Santa-Clara.

Methodology: Xavier Melo, Inés Arrais, Jodo Luis Mardco, Pedro Neto Ribeiro, Raquel
Coelho, Joana Reis, Vitor Angarten, Bo Fernhall.

Project administration: Xavier Melo.

Resources: Xavier Melo, Jodo Luis Mardco, Pedro Neto Ribeiro, Sara Nabais, Joana Reis, Vitor
Angarten, Helena Santa-Clara.

Software: Jodo Luis Maroco.

Supervision: Xavier Melo, Joana Reis.

Validation: Xavier Melo, Jodao Luis Maroco.

Visualization: Xavier Melo, Inés Arrais, Jodo Luis Mardco.

Writing - original draft: Xavier Melo, Inés Arrais, Jodo Luis Maroco, Bo Fernhall.

Writing - review & editing: Xavier Melo, Jodo Luis Mar6co, Pedro Neto Ribeiro, Sara Nabais,
Raquel Coelho, Joana Reis, Vitor Angarten, Bo Fernhall, Helena Santa-Clara.

References

1. RussoL, Palermi S, Dhahbi W, Kalinski SD, Bragazzi NL, Padulo J. Selected components of physical
fitness in rhythmic and artistic youth gymnast. Sport Sci Health. 2021; 17: 415-421. https://doi.org/10.
1007/s11332-020-00713-8

2. JemniM, Friemel F, Mikesky AE. Evolution of the physiological profile of gymnasts over the past 40
years. A review of the literature. Canadian journal of applied physiology. 2001; 26: 356—370. Available:
https://www.researchgate.net/publication/11676341

3. Marina M, Rodriguez F. Physiological demands of young women’s competitive gymnastic routines. Biol
Sport. 2014; 31: 217-222. https://doi.org/10.5604/20831862.1111849 PMID: 25177100

4. Sleeper MD, Kenyon LK, Casey E. Measuring fitness in female gymnasts: the gymnastics functional
measurement tool. The International Journal of Sports Physical Therapy. 2012; 7: 124—138. PMID:
22530187

5. Gastin PB. Energy System Interaction and Relative Contribution During Maximal Exercise. Sports Med-
icine. 2001; 31: 725-741. https://doi.org/10.2165/00007256-200131100-00003 PMID: 11547894

PLOS ONE | https://doi.org/10.1371/journal.pone.0283228  April 24, 2023 14/17


https://doi.org/10.1007/s11332-020-00713-8
https://doi.org/10.1007/s11332-020-00713-8
https://www.researchgate.net/publication/11676341
https://doi.org/10.5604/20831862.1111849
http://www.ncbi.nlm.nih.gov/pubmed/25177100
http://www.ncbi.nlm.nih.gov/pubmed/22530187
https://doi.org/10.2165/00007256-200131100-00003
http://www.ncbi.nlm.nih.gov/pubmed/11547894
https://doi.org/10.1371/journal.pone.0283228

PLOS ONE

Kettlebell swing training in young female artistic gymnasts

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

Isacco L, Ennequin G, Cassirame J, Tordi N. Physiological pattern changes in response to a simulated
competition in elite women artistic gymnasts. J Strength Cond Res. 2017; 33: 2768—-2777. https://doi.
org/10.1519/JSC.0000000000002184 PMID: 28796126

Hagberg JM, Hickson RC, Ehsani AA, Holloszy J 0. Faster adjustment to and recovery from submaxi-
mal exercise in the trained state. J Appl Physiol. 1980; 48: 218-224. Available: www.physiology.org/
journal/jappl

Tsatsouline P. Enter The Kettlebell! Strength Secret of The Soviet Supermen. Dragon Door Publica-
tions; 2006.

Kostikiadis IN, Methenitis S, Tsoukos A, Veligekas P, Terzis G, Bogdanis GC. Effect of Short-Term
Sport-Specific Strength and Conditioning Training on Physical Fitness of Well-Trained Mixed Martial
Arts Athletes. J Sports Sci Med. 2018; 17: 348-358. Available: http://www.jssm.org

Mealler M, Ageberg E, Bencke J, Zebis MK, Myklebust G. Implementing handball injury prevention exer-
cise programs: A practical guideline. In Handbook of Methods in Leadership Research. Edward Elgar
Publishing Ltd; 2017.

Sakamoto A, Kuroda A, Sinclair PJ, Naito H, Sakuma K. The effectiveness of bench press training with
or without throws on strength and shot put distance of competitive university athletes. Eur J Appl Phy-
siol. 2018; 118: 1821-1830. https://doi.org/10.1007/s00421-018-3917-9 PMID: 29931495

Lockie RG. A 6-Week Base Strength Training Program for Sprint Acceleration Development and Foun-
dation for Future Progression in Amateur Athletes. Strength Cond J. 2017; 0: 1—11. Available: www.
nsca-scj.com

Chatzinikolaou A, Michaloglou K, Avloniti A, Leontsini D, Deli CK, Vlachopoulos D, et al. The trainability
of adolescent soccer players to brief periodized complex training. Int J Sports Physiol Perform. 2018;
13: 645-655. https://doi.org/10.1123/ijspp.2017-0763 PMID: 29431546

Harrison J, Schoenfeld B, Schoenfeld M. Applications of Kettlebells in Exercise Program Design.
Strength Cond J. 2011; 44: 86-89.

Pouliot M-C, Desprk J-P, Lemieux S, Moorjani S, Bouchard C, Tremblay A, et al. Waist Circumference
and Abdominal Sagittal Diameter: Best Simple Anthropometric Indexes of Abdominal Visceral Adipose
Tissue Accumulation and Related Cardiovascular Risk in Men and Women. Prev Cardiol. 1994; 73:
460-468. https://doi.org/10.1016/0002-9149(94)90676-9 PMID: 8141087

Morris NM, Udry JR. Validation of a Self-Administered Instrument to Assess Stage of Adolescent Devel-
opment. Journal of Youth and Adolescence. 1980; 9: 271-80. https://doi.org/10.1007/BF02088471
PMID: 24318082

Octavio JM, Folk AL, Falini L, Xie S, Goudie BW, Gidding SS, et al. Standardization of a Continuous
Ramp Ergometer Protocol for Clinical Exercise Testing in Children. Pediatr Cardiol. 2019; 40: 834—840.
https://doi.org/10.1007/s00246-019-02079-2 PMID: 30834959

Paridon SM, Alpert BS, Boas SR, Cabrera ME, Caldarera LL, Daniels SR, et al. Clinical stress testing in
the pediatric age group: A statement from the American Heart Association council on cardiovascular
disease in the young, committee on atherosclerosis, hypertension, and obesity in youth. Circulation.
20086. pp. 1905-1920. https://doi.org/10.1161/CIRCULATIONAHA.106.174375 PMID: 16567564

Montpetit RR, L6ger LA, Lavoie J-M, Cazorla G. VO2 Peak During Free Swimming Using the Backward
Extrapolation of the 02 Recovery Curve. Eur J Appl Physiol Occup Physiol. 1981; 47: 385-391.

Bertuzzi R, Melegati J, Bueno S, Ghiarone T, Pasqua LA, Gaspari AF, et al. GEDAE-LaB: A free soft-
ware to calculate the energy system contributions during exercise. PLoS One. 2016; 11: 1-13. hitps://
doi.org/10.1371/journal.pone.0145733 PMID: 26727499

Budnar J, Ronald G, Duplanty AA, Hill DW, Mcfarlin BK, Vingren JL. The acute hormonal response to
the kettlebell swing exercise. J Strength Cond Res. 2014; 28: 2793-800. Available: www.nsca.com
https://doi.org/10.1519/JSC.0000000000000474 PMID: 24714543

Farrar RE, Mayhew JL, Koch AJ. Oxygen cost of kettlebell swings. J Strength Cond Res. 2010; 24:
1034-6. Available: www.nsca-jscr.org https://doi.org/10.1519/JSC.0b013e3181d15516 PMID:
20300022

Lake JP, Lauder MA. Kettlebell swing training improves maximal and explosive strength. The Journal of
Strength and Conditioning Research. 2012; 26: 2228—2233. https://doi.org/10.1519/JSC.
0b013e31825¢c2c9b PMID: 22580981

Falatic JA, Plato PA, Holder C, Finch D, Han K, Cisar CJ. Effects of Kettlebell Training on Aerobic
Capacity. Effects of Kettlebell Training on Aerobic Capacity. 2015; 29: 1943-7. Available: www.nsca.
com https://doi.org/10.1519/JSC.0000000000000845 PMID: 26102260

Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest Package: Tests in Linear Mixed Effects Mod-
els. J Stat Softw. 2017; 82: 1-26. https://doi.org/10.18637/jss.v082.i13

PLOS ONE | https://doi.org/10.1371/journal.pone.0283228  April 24, 2023 15/17


https://doi.org/10.1519/JSC.0000000000002184
https://doi.org/10.1519/JSC.0000000000002184
http://www.ncbi.nlm.nih.gov/pubmed/28796126
http://www.physiology.org/journal/jappl
http://www.physiology.org/journal/jappl
http://www.jssm.org
https://doi.org/10.1007/s00421-018-3917-9
http://www.ncbi.nlm.nih.gov/pubmed/29931495
http://www.nsca-scj.com
http://www.nsca-scj.com
https://doi.org/10.1123/ijspp.2017-0763
http://www.ncbi.nlm.nih.gov/pubmed/29431546
https://doi.org/10.1016/0002-9149%2894%2990676-9
http://www.ncbi.nlm.nih.gov/pubmed/8141087
https://doi.org/10.1007/BF02088471
http://www.ncbi.nlm.nih.gov/pubmed/24318082
https://doi.org/10.1007/s00246-019-02079-2
http://www.ncbi.nlm.nih.gov/pubmed/30834959
https://doi.org/10.1161/CIRCULATIONAHA.106.174375
http://www.ncbi.nlm.nih.gov/pubmed/16567564
https://doi.org/10.1371/journal.pone.0145733
https://doi.org/10.1371/journal.pone.0145733
http://www.ncbi.nlm.nih.gov/pubmed/26727499
http://www.nsca.com
https://doi.org/10.1519/JSC.0000000000000474
http://www.ncbi.nlm.nih.gov/pubmed/24714543
http://www.nsca-jscr.org
https://doi.org/10.1519/JSC.0b013e3181d15516
http://www.ncbi.nlm.nih.gov/pubmed/20300022
https://doi.org/10.1519/JSC.0b013e31825c2c9b
https://doi.org/10.1519/JSC.0b013e31825c2c9b
http://www.ncbi.nlm.nih.gov/pubmed/22580981
http://www.nsca.com
http://www.nsca.com
https://doi.org/10.1519/JSC.0000000000000845
http://www.ncbi.nlm.nih.gov/pubmed/26102260
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1371/journal.pone.0283228

PLOS ONE

Kettlebell swing training in young female artistic gymnasts

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

Ludecke D. Statistical Functions for Regression Models. 2020. https://doi.org/10.5281/zenodo.
1284472

Cohen J. Statistical Power Analysis for the Behavioral Sciences. New York: Routledge Academic;
1988. Available: http://library1.nida.ac.th/termpaper6/sd/2554/19755.pdf

Lenth R. emmeans: Estimated Marginal Means, aka Least-Squares Means. 2020; R package version
0.9.6. Available: https://cran.r-project.org/package=emmeans

R Core Team. R: A Language and Environment for Statistical Computing. In: R Foundation for Statisti-
cal Computing [Internet]. 2021 pp. 1-2. Available: https://www.r-project.org/

Fung B, Shore S. Aerobic and anaerobic work during kettlebell exercise: A pilot study. Med Sci Sports
Exerc. 2010; 42: 834.

Hulsey CR, Soto DT, Koch AJ, Mayhew JL. Comparison of kettlebell swings and treadmill running at
equivalent rating of perceived exertion values. J Strength Cond Res. 2012; 26: 1203-7. Available: www.
nsca-jscr.org https://doi.org/10.1519/JSC.0b013e3182510629 PMID: 22395274

Wesley C, Kivi D. The Effects of Kettlebell Mass and Swing Cadence on Heart Rate, Blood Lactate, and
Rating of Perceived Exertion during an Interval Training Protocol. International Journal of Sports Sci-
ence. 2017;2017: 122—127. https://doi.org/10.5923/j.sports.20170703.05

Hickson R, Hagberg J, Ehsani A, Holloszy J. Time course of the adaptive responses of aerobic power
and heart rate to training. Med Sci Sports Exerc. 1981; 13: 17-20. PMID: 7219130

Raymond LM, Renshaw D, Duncan MJ. Acute Hormonal Response to Kettlebell Swing Exercise Differs
Depending on Load, Even When Total Work Is Normalized. J Strength Cond Res. 2021; 35: 997—1005.
Available: www.nsca.com https://doi.org/10.1519/JSC.0000000000002862 PMID: 30273291

Wesley C, Kivi D. The Effects of Kettlebell Mass and Swing Cadence on Heart Rate, Blood Lactate, and
Rating of Perceived Exertion during an Interval Training Protocol. International Journal of Sports Sci-
ence. 2017; 2017: 122—127. https://doi.org/10.5923/j.sports.20170703.05

Burnley M, Jones AM. Oxygen uptake kinetics as a determinant of sports performance Oxygen uptake
kinetics as a determinant of sports performance. Eur J Sport Sci. 2007; 1391: 63—79. https://doi.org/10.
1080/17461390701456148

Poole DC, Jones AM. Oxygen uptake kinetics. Compr Physiol. 2012; 2: 933-996. https://doi.org/10.
1002/cphy.c100072 PMID: 23798293

Billat VL, Mille-Hamard L, Demarle A, Koralsztein JP. Effect of training in humans on off- and on-tran-
sient oxygen uptake kinetics after severe exhausting intensity runs. Eur J Appl Physiol. 2002; 87: 496—
505. https://doi.org/10.1007/s00421-002-0648-7 PMID: 12355188

Korzeniewski B, Rossiter HB. Each-step activation of oxidative phosphorylation is necessary to explain
muscle metabolic kinetic responses to exercise and recovery in humans. J Physiol. 2015; 24: 5255—
5268. https://doi.org/10.1113/JP271299 PMID: 26503399

Korzeniewski B, Zoladz JA. Slow VO2 off-kinetics in skeletal muscle is associated with fast PCr Slow V
off-kinetics—and inversely. J Appl Physiol. 2013; 605-612. https://doi.org/10.1152/japplphysiol.00469.
2013 PMID: 23788573

Roth DA, Stanley WC, Brooks GA. Induced lactacidemia does not affect postexercise O2 consumption.
J Appl Physiol. 1988; 65: 1045-9. Available: www.physiology.org/journal/jappl https://doi.org/10.1152/
jappl.1988.65.3.1045 PMID: 3182473

C")zyener F, Rossiter HB, Ward SA, Whipp BJ. Influence of exercise intensity on the on- and off- tran-
sient kinetics of pulmonary oxygen uptake in humans. Journal of Physiology. 2001; 533: 891-902.
https://doi.org/10.1111/j.1469-7793.2001.t101-1-00891.x PMID: 11410644

Sousa A, Figueiredo P, Keskinen KL, Rodriguez FA, Machado L, Vilas-Boas JP, et al. VO2 off transient
kinetics in extreme intensity swimming. J Sports Sci Med. 2011; 10: 546-552. PMID: 24150631

Sharkey B, McDonald J, Corbridge L. Pulse rate and pulmonary ventilation as predictors of human
energy cost. Ergonomics. 1966; 9: 223—-227. https://doi.org/10.1080/00140136608964373 PMID:
5940102

Montgomery D, Beaudin P. Blood lactate and heart rate response of young females during gymnastic
routines. J Sports Med Phys Fitness. 1982; 22: 358-65. PMID: 7162192

Mezzani A. Cardiopulmonary exercise testing: Basics of methodology and measurements. Annals of
the American Thoracic Society. American Thoracic Society; 2017. pp. S3—S11. https://doi.org/10.1513/
AnnalsATS.201612-997FR PMID: 28510504

Mero A, Jaakkola L, Komi P v. Relationships between muscle fibre characteristics and physical perfor-
mance capacity in trained athletic boys. J Sports Sci. 1991; 9: 161-171. https://doi.org/10.1080/
02640419108729877 PMID: 1895353

PLOS ONE | https://doi.org/10.1371/journal.pone.0283228  April 24, 2023 16/17


https://doi.org/10.5281/zenodo.1284472
https://doi.org/10.5281/zenodo.1284472
http://library1.nida.ac.th/termpaper6/sd/2554/19755.pdf
https://cran.r-project.org/package=emmeans
https://www.r-project.org/
http://www.nsca-jscr.org
http://www.nsca-jscr.org
https://doi.org/10.1519/JSC.0b013e3182510629
http://www.ncbi.nlm.nih.gov/pubmed/22395274
https://doi.org/10.5923/j.sports.20170703.05
http://www.ncbi.nlm.nih.gov/pubmed/7219130
http://www.nsca.com
https://doi.org/10.1519/JSC.0000000000002862
http://www.ncbi.nlm.nih.gov/pubmed/30273291
https://doi.org/10.5923/j.sports.20170703.05
https://doi.org/10.1080/17461390701456148
https://doi.org/10.1080/17461390701456148
https://doi.org/10.1002/cphy.c100072
https://doi.org/10.1002/cphy.c100072
http://www.ncbi.nlm.nih.gov/pubmed/23798293
https://doi.org/10.1007/s00421-002-0648-7
http://www.ncbi.nlm.nih.gov/pubmed/12355188
https://doi.org/10.1113/JP271299
http://www.ncbi.nlm.nih.gov/pubmed/26503399
https://doi.org/10.1152/japplphysiol.00469.2013
https://doi.org/10.1152/japplphysiol.00469.2013
http://www.ncbi.nlm.nih.gov/pubmed/23788573
http://www.physiology.org/journal/jappl
https://doi.org/10.1152/jappl.1988.65.3.1045
https://doi.org/10.1152/jappl.1988.65.3.1045
http://www.ncbi.nlm.nih.gov/pubmed/3182473
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00891.x
http://www.ncbi.nlm.nih.gov/pubmed/11410644
http://www.ncbi.nlm.nih.gov/pubmed/24150631
https://doi.org/10.1080/00140136608964373
http://www.ncbi.nlm.nih.gov/pubmed/5940102
http://www.ncbi.nlm.nih.gov/pubmed/7162192
https://doi.org/10.1513/AnnalsATS.201612-997FR
https://doi.org/10.1513/AnnalsATS.201612-997FR
http://www.ncbi.nlm.nih.gov/pubmed/28510504
https://doi.org/10.1080/02640419108729877
https://doi.org/10.1080/02640419108729877
http://www.ncbi.nlm.nih.gov/pubmed/1895353
https://doi.org/10.1371/journal.pone.0283228

PLOS ONE Kettlebell swing training in young female artistic gymnasts

48. Sady S, Thomson W, Berg K, Savage M. Physiological characteristics of high-ability prepubescent
wrestlers. Med Sci Sports Exerc. 1984; 16: 72—76. PMID: 6708783

49. Sprynarova S, Parizkova J. Comparison of the functional, circulatory and respiratory capacity in girl
gymnasts and swimmers. J Sports Med Phys Fitness. 1969; 9: 165-72. PMID: 5351790

50. Guidetti L, Baldari C, Capranica L, Persichini C, Figura F. Energy cost and energy sources of ball rou-
tine in rhythmic gymnasts. Int J Sports Med. 2000; 21: 205-209. https://doi.org/10.1055/s-2000-8879
PMID: 10834354

51. Powers S, Dodd S, Beadle R. Oxygen uptake kinetics in trained athletes differing in VO2max. Eur J
Appl Physiol Occup Physiol. 1985; 54: 306—308. https://doi.org/10.1007/BF00426150 PMID: 4065115

PLOS ONE | https://doi.org/10.1371/journal.pone.0283228  April 24, 2023 17/17


http://www.ncbi.nlm.nih.gov/pubmed/6708783
http://www.ncbi.nlm.nih.gov/pubmed/5351790
https://doi.org/10.1055/s-2000-8879
http://www.ncbi.nlm.nih.gov/pubmed/10834354
https://doi.org/10.1007/BF00426150
http://www.ncbi.nlm.nih.gov/pubmed/4065115
https://doi.org/10.1371/journal.pone.0283228

